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and 44-54. A Notice of Appeal was filed on May 27, 2005, and an Appeal Brief was filed on 
August 25, 2005. 
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as required under 37 C.F.R. §41. 37(a). 
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COMPLIANT APPEAL BRIEF 



-1- 



1. REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the patent application U.S. Serial No. 09/946,374 recorded January 8, 2002, at 
Reel 012288 and Frame 0504. 

2. RELATED APPEALS AND INTERFERENCES 

There are no related appeals or interferences known to Appellants, Appellants 1 legal 
representative, or Appellants' assignee that will directly affect or be directly affected by or have a 
bearing on the Board's decision in the present appeal. 

3. STATUS OF CLAIMS 

Claims 33, 38-40 and 44-54 are in this application. 
Claims 1-32, 34-37 and 41-43 are canceled. 

Claims 33, 38-40 and 44-54 stand rejected and Appellants appeal the rejection of these 

claims. 

A copy of the rejected claims involved in the present Appeal is provided in the Claims 
Appendix. 

4. STATUS OF AMENDMENTS 

An amendment to the claims was submitted with Appellants 1 Response to Final Office 
Action filed February 28, 2005. In the Advisory Action mailed August 1 1 , 2005, the Examiner 
indicated that these amendments would be entered for the purpose of the appeal. Accordingly, 
the claims listed in the Claims Appendix incorporate the amendment of February 28, 2005. 

5. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention claimed in the present application is related to an isolated nucleic acid 
comprising the nucleic acid sequence of SEQ ID NO:337, the full-length coding sequence of the 
nucleic acid sequence of SEQ ID NO:337, or the full-length coding sequence of the cDNA 
deposited under ATCC accession number 203322 (Claims 33, 38, 39, and 40), a vector 
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comprising the nucleic acid (Claims 44 and 45), and a host cell comprising the nucleic acid 
(Claims 46 and 47). The claims are further directed to an isolated nucleic acid molecule at least 
20, 50, 60, 70, 80, 90, or 100 nucleotides in length that hybridizes under stringent conditions to 
the nucleic acid sequence of SEQ ID NO:337 or a complement thereof, or to the full-length 
coding sequence of the cDNA deposited under ATCC accession number 203322 or a 
complement thereof (Claims 46-54). 

The full-length PRO 1555 polypeptide having the amino acid sequence of SEQ ID 
NO:338 is described in the specification at page 29, lines 13-17, page 350, lines 27-30, in Figure 
198 and in SEQ ID NO:338. The cDNA nucleic acid encoding PR01555 is described in the 
specification in Example 102, in Figure 197 and in SEQ ID NO:337. Page 297, lines 7-1 1 of the 
specification provides the description for Figures 197 and 198. Fragments of at least about 20, 
50, 60, 70, 80, 90, or 100 nucleotides in length of nucleic acids encoding PRO are described at, 
for example, page 282, lines 12-19. 

The isolation of cDNA clones encoding PR01555 of SEQ ID NO:338 is described in 
Example 102. Methods for isolating PRO cDNA is generally set forth in the specification at, for 
example page 359, lines 1 1-34. Methods for selection and transformation of host cells with PRO 
cDNA is generally set forth in the specification at, for example, page 359, line 36, to page 361, 
line 24. Methods for selecting a vector are generally set forth in the specification at, for example, 
page 361, line 26, to page 363, line 25. The use of polynucleotides encoding PRO as 
hybridization probes is described at, for example, page 364, lines 25-38, and page 481, lines 1- 
11. Stringent conditions are defined at, for example, page 308, line 38, to page 309, line 7. 
Finally, Example 143, in the specification at page 494, line 20, to page 508, line 28, sets forth a 
Gene Amplification assay which shows that the PR01555 gene is amplified in the genome of 
certain human lung and colon cancers (page 507, lines 23-34, and Table 8). 
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6. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

I. Whether Claims 33, 38-40 and 44-54 satisfy the utility requirement of 35 U.S.C. 
§101. 

II. Whether Claims 33, 38-40 and 44-54 satisfy the enablement requirement of 35 
U.S.C. § 1 12, first paragraph. 

7. ARGUMENT 
Summary of the Arguments: 
Issue I: Utility 

Patentable utility of the claimed PRO 1 555 nucleic acid molecules is based upon the gene 
amplification data for the gene encoding the PRO 1555 polypeptide. The specification discloses 
that the gene encoding PRO 1555 showed significant amplification, ranging from 2 to 32 fold , in 
24 lung, colon, breast, kidney and testis tumors. The Declaration of Dr. Audrey Goddard, 
submitted with Appellants 1 Response filed September 16, 2004, explains that a gene identified as 
being amplified at least 2-fold by the disclosed gene amplification assay in a tumor sample 
relative to a normal sample is useful as a marker for the diagnosis of cancer , for monitoring 
cancer development and/or for measuring the efficacy of cancer therapy. Accordingly, the 
Examiner's assertion that the specification "merely demonstrates that the PRO 1555 nucleic acid 
was amplified in some lung or colon cancers, to a minor degree (about 2.5 fold)." (Page 7 of the 
Office Action mailed December 30, 2004, emphasis added) is both factually and scientifically 
incorrect.. By referring to the 2-fold to 32-fold amplification of the PR01555 gene in lung, 
colon, breast, kidney and testis tumors as "very small," or "minor," the Examiner ignores the 
teachings of an expert declaration without any basis, or without presenting any evidence to the 
contrary . 

The Examiner has asserted that "[a]ssays measuring DNA copy number found positive 

staining in about half the samples of several cancers, as well as about half the control samples. 

This inconsistent staining is not useful for diagnosing cancer, since a positive result does not 

indicate the presence of a cancer and a negative result does not indicate a lack of cancer." (Page 

1 of the Advisory Action mailed August 11, 2005). 
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Part of this statement is factually incorrect, since the specification does not disclose that the 
PR01555 gene was amplified in any control samples. As to the rest of the statement, as any 
skilled artisan in the field of oncology would easily appreciate, not all tumor markers are 
generally associated with every tumor, or even with most tumors . Therefore, whether the 
PR01555 gene is amplified in 24 lung, colon, breast, kidney and testis tumors all lung, colon, 
breast, kidney and testis tumors is not relevant to its identification as a tumor marker, or its 
patentable utility. Rather, the fact that the amplification data for PR01555 is considered 
significant is what lends support to its usefulness as a tumor marker. If the goal is to diagnose 
lung, colon, breast, kidney or testis cancer, then contrary to the Examiner's assertion, a positive 
result does indicate the presence of cancer, while a negative result is not conclusive, and requires 
follow up testing. 

The Examiner has additionally asserted that that the gene amplification data discussed 
above does not provide utility for the claimed PR01555 nucleic acids because "there is no 
evidence regarding whether or not PRO 1555 mRNA or protein levels are also increased in 
cancer." (Page 5 of the Office Action mailed December 30, 2004). The Examiner has cited 
references by Pennica et al and Haynes et al as evidence that an increase in gene copy number 
does not necessarily result in increased gene expression and protein expression. 

First of all, the claims are directed to nucleic acids, not polypeptides, therefore, the issue 
of whether there is a correlation between gene amplification and polypeptide expression levels is 
irrelevant . Similarly irrelevant is whether or not PRO 1555 mRNA levels are also increased. One 
of skill in the art would understand how to use the claimed nucleic acids to detect amplification 
of the gene encoding PRO 1555, and how to use the gene amplification results to diagnose cancer. 
Thus the question of whether or not PR01555 mRNA or polypeptide levels are also increased in 
these cancers has no relevance to the utility of the claimed nucleic acid molecules. 

Finally, the Examiner has cited Hu et al, in support of the assertion that "the literature 
cautions researchers from drawing conclusions based on small changes in transcript levels." 
(Page 5 of the Office Action mailed December 30, 2004). Appellants submit that the evidentiary 
standard to be used throughout ex parte examination in setting forth a rejection is a 
preponderance of the totality of the evidence under consideration. 
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Thus, to overcome the presumption of truth that an assertion of utility by the applicant enjoys, the 
Examiner must establish that it is more likely than not that one of ordinary skill in the art would 
doubt the truth of the statement of utility. Only after the Examiner has made a proper prima facie 
showing of lack of utility, does the burden of rebuttal shift to the applicant. Hu et al does not 
suffice to show that a lack of correlation between gene amplification data and the biological 
significance of cancer genes is typical . 

Accordingly, Appellants submit that when the proper legal standard is applied, one 
should reach the conclusion that the present application discloses at least one patentable utility 
for the claimed nucleic acids that encode the PRO 1555 polypeptide. 

Issue II: Enablement 

Claims 33, 38-40 and 44-54 stand rejected under 35 U.S.C. §112, first paragraph, allegedly 
"since the claimed invention is not supported by either a specific and substantial asserted utility or a 
well established utility . . . one skilled in the art clearly would not know how to use the claimed 
invention." (Page 4 of the Office Action mailed December 30, 2004). 

Appellants submit that, as discussed above, the nucleic acids that encode the PR01555 
polypeptide, or fragments thereof, have utility in the diagnosis of cancer. Based on such a utility, 
one of skill in the art would know exactly how to use the claimed nucleic acids for the diagnosis 
of cancer, without any undue experimentation. 

These arguments are all discussed in further detail below under the appropriate headings. 

ISSUE I: Claims 33, 38-40 and 44-54 satisfy the utility requirement of 35 U.S.C. §101 

Claims 33, 38-40 and 44-54 stand rejected under 35 U.S.C. §101 because allegedly "the 
claimed invention lacks a credible, specific and substantial asserted utility or a well established 
utility." (Page 3 of the Office Action mailed March 18, 2004). 

Appellants submit, for the reasons set forth below, that the specification discloses at least 
one credible, substantial and specific asserted utility for the claimed nucleic acids encoding the 
PR01555 polypeptide. 
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A. The Legal Standard for Utility 

According to 35 U.S.C. § 101 : 

Whoever invents or discovers any new and useful process, machine, manufacture, or 
composition of matter, or any new and useful improvement thereof, may obtain a 
patent therefor, subject to the conditions and requirements of this title. (Emphasis 
added). 

In interpreting the utility requirement, in Brenner v. MansonJ the Supreme Court held 
that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent applicant disclose a "substantial utility" for his or 
her invention, i.e. a utility "where specific benefit exists in currently available form." The Court 
concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 
commerce rather than the realm of philosophy." 3 

Later, in Nelson v. Bowler, 4 the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may not 
establish a specific therapeutic use. The court held that "since it is crucial to provide researchers 
with an incentive to disclose pharmaceutical activities in as many compounds as possible, we 
conclude adequate proof of any such activity constitutes a showing of practical utility." 5 

In Cross v. Iizuka, 6 the C.A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 
less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 



1 Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 

2 Id. at 534, 148 U.S.P.Q. (BNA) at 695. 

3 Id. at 536, 148 U.S.P.Q. (BNA) at 696. 

4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id. at 856, 206 U.S.P.Q. (BNA) at 883. 

6 Cross v. Iizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 
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i.e. there is a reasonable correlation there between." 7 The court perceived "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 
practical utility." 8 

The case law has also clearly established that Appellants' statements of utility are usually 
sufficient, unless such statement of utility is unbelievable on its face. 9 The PTO has the initial 
burden to prove that Appellants' claims of usefulness are not believable on their face. 10 In 
general, an Applicant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in the 
art to question the objective truth of the statement of utility or its scope." 11,12 

Compliance with 35 U.S.C. §101 is a question of fact. 13 The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 
totality of the evidence under consideration. 14 Thus, to overcome the presumption of truth that 
an assertion of utility by the applicant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 
Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the applicant. The issue will then be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 
("Utility Guidelines") 15 , which acknowledge that an invention complies with the utility 

7 Id. at 1050, 224 U.S.P.Q. (BNA) at 747. 

8 Id.. 

9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 

10 Ibid. 

11 In re hanger, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In reJolles, 628 F.2d 1322, 206 U.S.P.Q. 885 (C.C.P.A. 1980); In re Irons, 340 F.2d 974, 144 
U.S.P.Q. 351 (1965); In re Sichert, 566 F.2d 1154, 1159, 196 U.S.P.Q. 209, 212-13 (C.C.P.A. 1977). 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) cert, denied, 469 
US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 1992). 

15 66 Fed. Reg. 1092 (2001). 
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requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility" or a "well-established utility." Under the Utility Guidelines, a utility is "specific" when it 
is particular to the subject matter claimed. For example, it is generally not enough to state that a 
nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the public" 
or similar formulations used in certain court decisions to mean that products or services based on 
the claimed invention must be "currently available" to the public in order to satisfy the utility 
requirement. "Rather, any reasonable use that an applicant has identified for the invention that 
can be viewed as providing a public benefit should be accepted as sufficient, at least with regard 
to defining a substantial 5 utility." 16 Indeed, the Guidelines for Examination of Applications for 
Compliance With the Utility Requirement, 17 gives the following instruction to patent examiners: 
"If the applicant has asserted that the claimed invention is useful for any particular practical 
purpose . . . and the assertion would be considered credible by a person of ordinary skill in the 
art, do not impose a rejection based on lack of utility." 

B. The Data and Documentary Evidence Supporting a Patentable Utility 

Appellants respectfully submit that Appellants rely on the gene amplification data for 
patentable utility of the claimed nucleic acids encoding the PR01555 polypeptide, and that the 
gene amplification data for the gene encoding the PRO 1555 polypeptide is clearly disclosed in 
the instant specification under Example 143. 

It was well known in the art at the time the invention was made that gene amplification is 
an essential mechanism for oncogene activation. The gene amplification assay is well-described 
in Example 143 of the present application. Example 143 discloses that the inventors isolated 
genomic DNA from a variety of primary cancers and cancer cell lines that are listed in Table 8, 
including primary lung and colon tumors of the type and stage indicated in Table 7. 

16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 11(B)(1). 
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As a negative control, DNA was isolated from the cells of ten normal healthy individuals, which 
was pooled and used as a control Gene amplification was monitored using real-time quantitative 
TaqMan™ PCR. Table 8 shows the resulting gene amplification data. Further, Example 143 
explains that the results of TaqMan™ PCR are reported in ACt units, wherein one unit 
corresponds to one PCR cycle or approximately a 2-fold amplification relative to control, two 
units correspond to 4-fold amplification, 3 units to 8-fold amplification etc. 

Appellants respectfully submit that a ACt value of at least 1.0 was observed for PR01555 
in at least 24 of the tumors and tumor cell lines listed in Table 8. The nucleic acids encoding 
PR01555 had ACt value of > 1.0 (1) in primary lung tumors: LT13, LT15, LT16, HF-000631, 
HF-000840, and HF-000842; (2) in lung carcinoma cell lines: A549, Calu-1, Calu-6, H441, 
H460, and SKMES1; (3) in primary colon tumors: CT15, CT16, CT17, and colon tumor centers 
HF-000539 and HF-000575; (4) in colon carcinoma cell lines: SW620, Colo320 and HCT116; 
(5) in breast tumor center HF-000545; (6) in kidney tumor center HF-00061 1; and (7) in testis 
tumor margin HF-000716 and testis tumor center HF-000733. PR01555 showed approximately 
1.04-4.99 ACt units which corresponds to 2 1 04 -2 4 " fold amplification or 2 fold to 32 -fold 
amplification in these tumors and tumor cell lines. Accordingly, the present specification clearly 
discloses overwhelming evidence that the gene encoding the PR01555 polypeptide is 
significantly amplified in a significant number of lung, colon, breast, kidney and testis tumors. 

The Examiner has asserted that "the specification provides data showing a very small 
increase in DNA copy number - about 2.3 fold - in many types of normal and cancerous tissue. 
(Page 5 of the Office Action mailed December 30, 2004). The Examiner has further asserted that 
the specification "merely demonstrates that the PR01555 nucleic acid was amplified in some 
lung or colon cancers, to a minor degree (about 2.5 fold)." (Page 7 of the Office Action mailed 
December 30, 2004). 

Appellants submit that the Examiner seems have applied a heightened utility standard in 
this instance, which is legally incorrect. Appellants have shown that the gene encoding 
PR01755 demonstrated significant amplification, from 2.2 to 5.1 fold , in eight lung and colon 
tumors. As explained in the Declaration of Dr. Audrey Goddard (submitted with the Response 
filed August 31, 2004): 
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It is further my considered scientific opinion that an at least 2-fold increase in 
gene copy number in a tumor tissue sample relative to a normal (i.e., non-tumor) 
sample is significant and useful in that the detected increase in gene copy 
number in the tumor sample relative to the normal sample serves as a basis for 
using relative gene copy number as quantitated by the TaqMan PCR technique 
as a diagnostic marker for the presence or absence of tumor in a tissue sample of 
unknown pathology. (Emphasis added). 

By referring to the 2.2-fold to 5.1-fold amplification of the PR01555 gene in various 

tumors as "very small," or "minor." the Examiner appears to ignore the teachings within an 

expert's declaration without any basis, or without presenting any evidence to the contrary . 

Appellants respectfully draw the Board's attention to the Utility Examination Guidelines (Part 

IIB, 66 Fed. Reg. 1098 (2001)) which state that: 

"Office personnel must accept an opinion from a qualified expert that is based 
upon relevant facts whose accuracy is not being questioned; it is improper to 
disregard the opinion solely because of a disagreement over the significance or 
meaning of the facts offered". 

Thus, given the absence of any evidence to the contrary, Appellants maintain that the 2 to 
32-fold amplification disclosed for the PR01555 gene is significant and forms the basis for the 
utility claimed herein. 

The Examiner has asserted that, "No mutation or translocation of PR01555 has been 
associated with any type of cancer versus normal tissue. It is not know whether PRO 1555 is 
expressed in corresponding normal tissues, and what the relative levels of expression are." (Page 
7 of the Office Action mailed December 30, 2004). In fact, Example 143 of the specification 
discloses that the gene amplification data were obtained by comparing DNA from a variety of 
primary tumors, including breast, lung, colon, rectum, kidney, testis, lymph node and parathyroid 
tumors, and various tumor cell lines with pooled DNA isolated from the blood cells often 
healthy donors. Thus the expression level of PR01555 was tested in control, normal tissue. 

Appellants further point out that the negative control taught in the specification was 
known in the art at the time of filing, and accepted as a true negative control as demonstrated by 
use in peer reviewed publications . For example, in Pitti et al (Exhibit F submitted with the 
Response filed September 16, 2004), the authors used the same quantitative TaqMan PCR assay 
described in the specification to study gene amplification in lung and colon cancer of DcR3, a 
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decoy receptor for Fas ligand. As described, Pitti et al analyzed DNA copy number "in genomic 
DNA from 35 primary lung and colon tumours, relative to pooled genomic DNA from peripheral 
blood leukocytes (PBL) of 10 healthy donors ," (Page 701, col. 1; emphasis added). The authors 
also analyzed mRNA expression of DcR3 in primary tumor tissue sections and found tumor- 
specific expression, confirming the finding of frequent amplification in tumors, and confirming 
that the pooled blood sample was a valid negative control for the gene amplification experiments. 
In Bieche et al (Exhibit G submitted with the Response filed September 16, 2004), the authors 
used the quantitative TaqMan PCR assay to study gene amplification of myc, ccndl and erbB2 in 
breast tumors. As their negative control, Bieche et al used normal leukocyte DNA derived from 
a small subset of the breast cancer patients (page 663). The authors note that "[t]he results of this 
study are consistent with those reported in the literature" (page 664, col 2), thus confirming the 
validity of the negative control. Accordingly, the art demonstrates that pooled normal blood 
samples are considered to be a valid negative control for gene amplification experiments of the 
type described in the specification. 

The Examiner has asserted that "[a]ssays measuring DNA copy number found positive 
staining in about half the samples of several cancers, as well as about half the control samples. 
This inconsistent staining is not useful for diagnosing cancer, since a positive result does not 
indicate the presence of a cancer and a negative result does not indicate a lack of cancer." (Page 
1 of the Advisory Action mailed August 11, 2005). 

r Appellants submit that the Examiner appears to have misunderstood the data presented in 
the specification. In the first place, the assay did not utilize staining, but a fluorescent PCR- 
based technique. Second, the specification explains, "As a negative control, DNA was isolated 
from the cells of ten normal healthy individuals which was pooled and used as assay controls for 
the gene copy in healthy individuals (not shown)" (page 494, lines 31-33). Appellants also wish 
to clarifV that all of the samples listed in Table 8 are tumor samples, not normal controls . Those 
samples not described in Table 7 are tumor centers or tumor cell lines (page 494, line 37, to page 
495, line 2). There is nothing in the specification to indicate that the PRO 1755 gene was 
amplified in any control samples. 
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Appellants further emphasize that they have shown significant DNA amplification in 24 
of the tumor samples and tumor cell lines listed in Table 8, Example 143 of the instant 
specification. The fact that not all tumors tested positive in this study does not make the gene 
amplification data less significant. As any skilled artisan in the field of oncology would easily 
appreciate, not all tumor markers are generally associated with every tumor, or even with most 
tumors . For example, the article by Hanna and Mornin (submitted with the Response filed 
August 31, 2004), discloses that the known breast cancer marker HER-2/neu is "amplified and/or 
overexpressed in 10%-30% of invasive breast cancers and in 40%-60% of intraductal breast 
carcinoma" (page 1, col. 1). 

In fact, some tumor markers are useful for identifying rare malignancies . That is, the 
association of the tumor marker with a particular type of tumor lesion may be rare, or, the 
occurrence of that particular kind of tumor lesion itself may be rare. In either event, even these 
rare tumor markers which do not give a positive hit for most common tumors, have great value in 
tumor diagnosis, and consequently, in tumor prognosis . The skilled artisan would certainly know 
that such tumor markers are useful for better classification of tumors. Therefore, whether the 
PR01555 gene is amplified in 24 lung, colon, breast, kidney or testis tumors or in all lung, colon, 
breast, kidney or testis tumors is not relevant to its identification as a tumor marker, or its 
patentable utility. Rather, the fact that the amplification data for PRO 1555 is considered 
significant is what lends support to its usefulness as a tumor marker. If the goal is to diagnose 
lung, colon, breast, kidney or testis cancer, then contrary to the Examiner's assertion, a positive 
result does indicate the presence of cancer, while a negative result is not conclusive, and requires 
follow up testing. 

The Examiner has asserted that "[o]ne cannot determine from the data in the specification 
whether the observed 'amplification* of nucleic acid is due to increase in chromosomal copy 
number, or alternatively due to an increase in transcription rates." (Page 7 of the Office Action 
mailed December 30, 2004). Appellants note that the data in the specification relates to 
amplification of DNA , not mRNA, thus transcription rates would not affect this data. 
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The Examiner has further asserted that an increased number of chromosomes "is a very 
common characteristic of cancerous and non-cancerous epithelial cells" citing references by 
Hittelman and Crowell et al in support. (Page 8 of the Office Action mailed March 18, 2004). 

Appellants respectfully submit that Hittelman and Crowell et al do not disclose DNA 
amplification in "normal" tissue or cells, but in tissue that has been damaged by carcinogenic 
agents and is closely associated with tumorous tissue . 

Appellants note that the title of the Hittelman paper is "Genetic Instabilities in Epithelial 
Tissues at Risk for Cancer." Hittelman studied lung tissue from chronic smokers, which had 
been exposed for years to carcinogenic tobacco smoke. As Hittelman explains, "[t]umors of the 
aerodigestive tract have been proposed to reflect a 'field cancerization 1 process whereby the 
whole tissue is exposed to carcinogenic insult (e.g., tobacco smoke) and is at increased risk for 
multistep tumor development (page 3). The detection of increases in chromosome number 
therefore identifies cells which have begun the first steps in this multistep progression to cancer. 
Even if these particular epithelial regions are not yet cancerous, their presence is strongly 
correlated with the development of cancer in the target tissue as a whole. Accordingly, 
Hittelman concludes that "the measurement of chromosome instability in the target tissue will be 
useful in assessing cancer risk as well as response to intervention" (page 10). 

The Crowell et al paper describes a similar study of lung tissue from smokers and former 
uranium miners. Crowell et al found that trisomy of chromosome 7 could be detected in 
nonmalignant bronchial epithelium from patients with lung cancer distant from the site of the 
tumor and in individuals without tumors who are at high risk for lung cancer development (page 
632, col. 1) Crowell et al conclude from these results that trisomy 7 "may be useful in early 
detection and intervention for lung carcinogenesis (page 636, col. 1). 

Accordingly, both Hittelman and Crowell et al show that an increase in chromosome 
number or gene amplification is associated not with normal tissues, but with cancerous, or pre- 
cancerous tissues , and therefore, an increase in chromosome number or gene amplification is a 
useful marker for a cancerous or pre-cancerous state. Detection of pre-cancerous cells or tissues 
is useful because, as explained by Hittelman, it allows for assessing cancer risk, as well as 
response to intervention. 
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Hence, Appellants respectfully submit that whether a pre-cancerous or tumor sample were 
analyzed, the showing of DNA amplification of the PRO 175 5 gene would still be significant, 
since it would lead to the diagnosis of either a pre-cancerous state or a cancerous state, which is 
the utility asserted here. 

Accordingly, Appellants submit that based on the general knowledge in the art at the time 
the invention was made and the teachings in the specification, the specification provides clear 
guidance as to how to interpret and use the data relating to PR01555 nucleic acid expression and 
that the claimed nucleic acids which encode the PRO 1555 polypeptide have utility in the 
diagnosis of cancer. 

C. The Utility of the Claimed Nucleic Acids Does Not Depend Upon the 
Properties of the Encoded Polypeptide 

The Examiner has asserted that that the gene amplification data discussed above does not 
provide utility for the claimed PRO 175 5 nucleic acids because "there is no evidence regarding 
whether or not PR01555 mRNA or protein levels are also increased in these cancers" that show 
amplification of the gene encoding PR01555. (Page 5 of the Office Action mailed December 30, 
2004). The Examiner has cited Pennica et al in support of the assertion that "what is often seen 
is a lack of correlation between DNA amplification and increased peptide levels." (Page 4 of the 
Office Action mailed November 24, 2004). The Examiner also cited Haynes et aL to the effect 
that "polypeptide levels cannot be accurately predicted from mRNA levels." (Page 5 of the 
Office Action mailed December 30, 2004). 

Appellants respectfully submit that the claims of the instant application are directed to 
nucleic acids , not polypeptides. Thus the question of whether gene amplification is associated 
with increased protein expression is irrelevant. The claimed nucleic acids have utility because 
they are amplified in lung and colon tumors, and thus may be used, for example, as diagnostic 
markers for lung or colon cancer. The expression level of the encoded polypeptide is irrelevant 
to this utility. 

The Examiner has further asserted that "[f]urther research needs to be done to determine 
whether the small increase in PRO 1555 DNA supports a role for the peptide in the cancerous 
tissue." (Page 6 of the Office Action mailed December 30, 2004). 
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Appellants reiterate that that the claims are directed to nucleic acids, not polypeptides. 
Appellants 1 position regarding utility for these nucleic acids is based on the overwhelming 
evidence from gene (DNA) amplification data disclosed in the specification which clearly 
indicate that the gene encoding PRQ1555 is significantly amplified in certain lung, colon, breast, 
kidney, and testis tumors . One of skill in the art would therefore understand how to use the 
claimed nucleic acids to detect amplification of the gene encoding PRO 1555 as a cancer 
diagnostic. 

The claimed nucleic acids can be used in cancer diagnosis without any knowledge 
regarding the function or cellular role of the encoded protein. Appellants submit that the law 
clearly states that "it is not a requirement of patentability that an inventor correctly set forth, or 
even know, how or why the invention works." Newman v. Quigg, 1 1 U.S.P.Q.2d 1340 (Fed. Cir. 
1989). Accordingly, the disclosure or identification of the mechanism by which PRO 1555 is 
associated with cancer is not required in order to establish the patentable utility of the claimed 
PR01555 nucleic acids. 

D. A prima facie case of lack of utility has not been established 

The Examiner has cited Hu et al, in support of the assertion that "the literature cautions 
researchers from drawing conclusions based on small changes in transcript levels." (Page 7 of 
the Office Action mailed December 30, 2004). 

Appellants submit that in order to overcome the presumption of truth that an assertion of 
utility by the applicant enjoys, the Examiner must establish that it is more likely than not that 
one of ordinary skill in the art would doubt the truth of the statement of utility. Accordingly, 
contrary to the Examiner's assertion, Appellants submit that Hu et dl does not conclusively show 
that it is more likely than not that gene amplification is not correlated with the biological 
significance of cancer genes. First, the title of Hu et al is "Analysis of Genomic and Proteomic 
Data Using Advanced Literature Mining." As the title clearly suggests, the conclusion suggested 
by Hu et al is merely based on a statistical analysis of the information disclosed in the published 
literature. As Hu et al states, "We have utilized a computational approach to literature mining. to 
produce a comprehensive set of gene-disease relationships." 
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In particular, Hu et al relied on the MedGene Database and the Medical Subject Heading 
(MeSH) files to analyze the gene-disease relationship. More specifically, Hu et al "compared 
the MedGene breast cancer gene list to a gene expression data set generated from a micro-array 
analysis comparing breast cancer and normal breast tissue samples." (See page 408, right 
column). 

Therefore, Appellants first submit that the reference by Hu et al only studies the 
statistical analysis of micro-array data and not gene amplification data . Therefore, their findings 
would not be directly applicable to gene amplification data. In addition, Appellants respectfully 
submit that the Hu et al reference does not show that a lack of correlation between microarray 
data and the biological significance of cancer genes is typical . 

According to Hu et al 9 "different statistical methods" were applied to "estimate the 
strength of gene-disease relationships and evaluated the results." (See page 406, left column, 
emphasis added). Using these different statistical methods, Hu et al "[a]ssessed the relative 
strengths of gene-disease relationships based on the frequency of both co-citation and single 
citation." (See page 411, left column). It is well known in the art that various statistical methods 
allow different variables to be manipulated to affect the outcome. For example, the authors 
admit, "Initial attempts to search the literature using" the list of genes, gene names, gene 
symbols, and frequently used synonyms, generated by the authors "revealed several sources of 
false positives and false negatives." (See page 406, right column). The authors further admit that 
the false positives caused by "duplicative and unrelated meanings for the term" were "difficult to 
manage." Therefore, in order to minimize such false positives, Hu et al disclose that these terms 
"had to be eliminated entirely, thereby reducing the false positive rate but unavoidably under- 
representing some genes. " Id. Hence, Appellants respectfully submit that in order to minimize 
the false positives and negatives in their analysis, Hu et al manipulated various aspects of the 
input data. 

Appellants further submit that the statistical analysis by Hu et al is not a reliable standard 
because the frequency of citation reflects only the current research interest of a molecule rather 
than the true biological function of the molecule. Indeed, the authors acknowledge that 
"[Relationship established by frequency of co-citation do not necessarily represent a true 
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biological link." (See page 411, right column). It often happens in scientific study that important 
molecules are overlooked by the scientific society for many years until the discovery of their true 
function. Therefore, Appellants submit that Hu et al drew their conclusions based on a very 
unreliable standard and that their research does not provide any meaningful information 
regarding the correlation between microarray data and the biological significance of a molecule. 

Even assuming that Hu et al. provide evidence to support a true relationship, the 
conclusion in Hu et al only applies to a specific type of breast tumor (estrogen receptor 
(ER)-positive breast tumor) and can not be generalized as a principle governing microarray study 
of breast cancer in general, let alone the various other types of cancer genes in general . In fact, 
even Hu et al admit that, "[i]t is likely that this threshold will change depending on the disease 
as well as the experiment. Interestingly, the observed correlation was only found among 
ER-positive (breast) tumors not ER-negative tumors." (See page 412, left column). Therefore, 
based on these findings, the authors add, "This may reflect a bias in the literature to study the 
more prevalent type of tumor in the population. Furthermore, this emphasizes that caution must 
be taken when interpreting experiments that may contain subpopulations that behave very 
differently." Id. (Emphasis added). 

In summary, Appellants respectfully submit that the Examiner has not shown that a lack 
of correlation between microarray data and the biological significance of cancer genes, as 
observed for ER-positive breast tumor, is typical . Since the standard is not absolute certainty, a 
prima facie showing of lack of utility has not been made in this instance. The Patent Office has 
failed to meet its initial burden of proof that Appellants' claims of utility are not substantial or 
credible. The arguments presented by the Examiner in combination with the Hu et al article do 
not provide sufficient reasons to doubt the statements by Appellants that PRO 1555 has utility. 
Therefore, Appellants submit that the Examiner's reasoning is based on a misrepresentation of 
the scientific data presented in the above cited reference and application of an improper, 
heightened legal standard. 

For the reasons given above, Appellants respectfully submit that the present specification 
clearly describes, details and provides a patentable utility for the claimed invention. 
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Accordingly, Appellants respectfully request reconsideration and reversal of the rejections of 
Claims 33, 38-40 and 44-54 under 35 U.S.C. §101. 

ISSUE II: Claims 33, 38-40 and 44-54 satisfy the enablement requirement of 35 U.S.C. 
SI 12, first paragraph. 

Claims 33, 38-40 and 44-54 stand rejected under 35 U.S.C. §1 12, first paragraph, allegedly 
"since the claimed invention is not supported by either a specific and substantial asserted utility or a 
well established utility . . . one skilled in the art clearly would not know how to use the claimed 
invention. 1 ' (Page 4 of the Office Action mailed December 30, 2004). 

In this regard, Appellants refer to the arguments and information presented above in 
response to the outstanding rejection under 35 U.S.C. §101, wherein those arguments are 
incorporated by reference herein. Appellants respectfully submit that as described above, the 
nucleic acids encoding the PRO 1555 polypeptide have utility in the diagnosis of cancer and 
based on such a utility, one of skill in the art would know exactly how to use the claimed nucleic 
acids for diagnosis of cancer, without undue experimentation. One of skill in the art would also 
know exactly how to use the claimed fragments of SEQ ID NO:337, for example as probes to detect 
gene amplification of SEQ ID NO:337 (encoding PR01555) wherein such gene amplification can 
be used as a diagnostic marker for lung and colon tumors. 

Accordingly, Appellants respectfully request reconsideration and reversal of the 
enablement rejection of Claims 33, 38-40 and 44-54 under 35 U.S.C. §112, first paragraph. 



-19- 



Appeal Brief 
Application Serial No. 10/017,527 
Attorney's Docket No. 39780-2830 PI C63 



CONCLUSION 

For the reasons given above, Appellants submit that the specification discloses at least 
one patentable utility for the PR01555 nucleic acids of Claims 33, 38-40 and 44-54, and that one 
of ordinary skill in the art would understand how to used the claimed nucleic acids, for example 
in the diagnosis of lung and colon tumors. Therefore, claims 33, 38-40 and 44-54 meet the 
requirements of 35 U.S.C. §101 and 35 U.S.C. §112, first paragraph. 

Accordingly, reversal of all the rejections of claims 33, 38-40 and 44-54 is respectfully 
requested. 

Please charge any additional fees, including fees for additional extension of time, or 
credit overpayment to Deposit Account No. 08-1641 (referencing Attorney's Docket 
No. 39780-2830 P1C63) . 

Respectfully submitted, 

Date: November 29, 2005 By: A^a. 

Barrie D. Greene (Reg. No. 46,740) 

HELLER EHRMAN LLP 

275 Middlefield Road 
Menlo Park, California 94025-3506 
Telephone: (650) 324-7000 
Facsimile: (650) 324-0638 
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8. CLAIMS APPENDIX 

Claims on Appeal 

33. An isolated nucleic acid comprising: 

(a) the nucleic acid sequence of SEQ ID NO:337; 

(b) the full-length coding sequence of the nucleic acid sequence of SEQ ID NO:337; 

or 

(c) the full-length coding sequence of the cDNA deposited under ATCC accession 
number 203322. 

38. The isolated nucleic acid of Claim 33 comprising the nucleic acid sequence of 
SEQ ID NO:337. 

39. The isolated nucleic acid of Claim 33 comprising the full-length coding sequence 
of the nucleic acid sequence of SEQ ID NO:337. 

40. The isolated nucleic acid of Claim 33 comprising the full-length coding sequence 
of the cDNA deposited under ATCC accession number 203322. 

44. A vector comprising the nucleic acid of Claim 33. 

45. The vector of Claim 44, wherein said nucleic acid is operably linked to control 
sequences recognized by a host cell transformed with the vector. 

46. An isolated host cell comprising the vector of Claim 44. 

47. The host cell of Claim 46, wherein said cell is a CHO cell, an E. coli or a yeast 

cell. 

48. An isolated nucleic acid molecule consisting of an at least 20 nucleotides 
fragment of the nucleic acid sequence of SEQ ID NO:337, or a complement thereof, that 
specifically hybridizes under stringent conditions to: 
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(a) the nucleic acid sequence of SEQ ID NO:337 or a complement thereof; 

(b) the full-length coding sequence of the cDNA deposited under ATCC accession 
number 203322 or a complement thereof; 

wherein, said stringent conditions use 50% formamide, .5 x SSC, 50 mM sodium 
phosphate (pH 6.8), 0.1% sodium pyrophosphate, 5x Denhardt's solution, sonicated salmon 
sperm DNA (50 fig/ml), 0.1% SDS, and 10% dextran sulfate at 42 °C, with washes at 42 °C in 
0.2 x SSC and 50% formamide at 55 °C, followed by a wash comprising of 0.1 x SSC containing 
EDTA at 55 °C, wherein said isolated nucleic acid molecule is suitable for use as a PCR primer 
or probe. 

49. The isolated nucleic acid molecule of Claim 48 that is at least 50 nucleotides. 

50. The isolated nucleic acid molecule of Claim 48 that is at least 60 nucleotides. 

5 1 . The isolated nucleic acid molecule of Claim 48 that is at least 70 nucleotides. 

52. The isolated nucleic acid molecule of Claim 48 that is at least 80 nucleotides. 

53. The isolated nucleic acid molecule of Claim 48 that is at least 90 nucleotides. 

54. The isolated nucleic acid molecule of Claim 48 that is at least 100 nucleotides. 
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9. EVIDENCE APPENDIX 

1 . Declaration of Audrey D. Goddard, Ph.D. under 37 C.F.R. §1.132, with attached Exhibits 
A-G: 

A. Curriculum Vitae of Audrey D. Goddard, Ph.D. 

B. Higuchi, R. et al., "Simultaneous amplification and detection of specific DNA 
sequences," Biotechnology 10:413-417 (1992). 

C. Livak, K.J., et al., "Oligonucleotides with fluorescent dyes at opposite ends provide a 
quenched probe system useful for detecting PCR product and nucleic acid hybridization," PCR 
Methods Appl 4:357-362 (1995). 

D. Heid, C.A. et al., "Real time quantitative PCR," Genome Res. 6:986-994 (1996). 

E. Pennica, D. et al., "WISP genes are members of the connective tissue growth factor 
family that are up-regulated in Wnt-1 -transformed cells and aberrantly expressed in human colon 
tumors," Proc. Natl Acad. Set USA 95:14717-14722 (1998). 

F. Pitti, R.M. et al, "Genomic amplification of a decoy receptor for Fas ligand in lung and 
colon cancer," Nature 396:699-703 (1998). 

G. Bieche, I. et al., "Novel approach to quantitative polymerase chain reaction using real- 
time detection: Application to the detection of gene amplification in breast cancer," Int. J. Cancer 
78:661-666(1998). 

2. Hittelman, W., "Genetic instability in epithelial tissues at risk for cancer," Ann. NY Acad 
SW. 952:1-12 (2001). 

3. Crowell, et al., "Detection of trisomy 7 in nonmalignant bronchial epithelium from lung 
cancer patients and individuals at risk for lung cancer," Cancer Epidemiol. 5:631-637 (1996). 

4. Pennica, D. et al., "WISP genes are members of the connective tissue growth factor family 
that are up-regulated in Wnt-1 -transformed cells and aberrantly expressed in human colon tumors," 
Proc. Natl. Acad. Sci. USA 95:14717-14722 (1998). 

5. Haynes, P.A., et al, "Proteome analysis: Biological assay or data archive?" Electrophoresis 
19:1862-1871 (1996). 
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6. Hu, Y. et al., "Analysis of genomic and proteomic data using advanced literature mining," 
Journal of Proteome Research 2:405-412 (2003). 

Item 1 was submitted with Appellants 1 Response filed September 16, 2004, and made of record by 
the Examiner in the Office Action mailed December 30, 2004. 

Items 2-3 were made of record by the Examiner in the Office Action mailed March 18, 2004. 
Items 4-6 were made of record by the Examiner in the Office Action mailed December 30, 2004. 
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10. RELATED PROCEEDINGS APPENDIX 

None, 



SV 2166724 vl 
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DECLARATION OF AUDREY D. GODDARD, Ph.D UNDER 37 CFJL $ 1.132 

Assistant Commissioner of Patents 
Washington, D.C. 2023 1 

Sir: 

I, Audrey D. Goddard, PIlD. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to and 
' forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al, PCR 
Methods AppL 4:357-362 (1995) (Exhibit C) and Heid et al, Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al y Proc. 
Natl. Acad. Sci. USA 95(25): 14717-14722 (1998) (Exhibit E); Pitti et al, Nature 
396(6712):699-703 (1998) (Exhibit F) and Bieche et al, Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 1 8 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 
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PROFESSIONAL EXPERIENCE 

Genentech, Inc. 1993-present 
South San Francisco, CA 

.2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 11 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1 998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility, 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993 - 1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocyte leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 



McMaster University 

Hamilton, Ontario, Canada with Dr. G. D. Sweeney 
5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 
Ph.D. 

"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 

Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D, Sweeney 



University of Toronto 

Toronto, Ontario, Canada. 1989 

Department of Medical 

Biophysics. 

McMaster University, 

Hamilton, Ontario, Canada. 1983 

Department of Biochemistry 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.LW. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel, genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocyte leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496! Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M. Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan .KJ, Lawrence DA, Levine AJ, 
Pennica D. Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16. 2002, 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S. Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351 . Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL; Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carisson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13. 2000 

Attie K, Carisson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carisson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J f Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K t 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S\, Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 135-142. 

Lee J Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
,VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor GIL J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 1 1 : 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM t Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681 . 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2UTRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor G/M . Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M f Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L f Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131 : S51-55. 

Klein RD, Sherman D, Ho WH f Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21. 

Stone DM, Hynes M, Armanini M f Swanson TA, Gu Q, Johnson RL t Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. ScL USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bgiX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp.1 87-21 5. 

Treanor JJS, Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM, Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. ScL USA 93: 7108-71 13. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1, a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981. 

Bennett BD, ZeiglerFC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1 866-1 870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6:732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J, Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 10720-10728. 

Borrow J, Shipley J, Howe K, Kiely F f Goddard A t Sheer D, Srivastava A, Antony AC, 
Floretos T t Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute prpmyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet. 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F t Swirsky D, Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A, Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyelocyte leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Br. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl 3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire J A, Becker A, Phillips RA and Gallie BL. (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet Cell. Genet. 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J and Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254: 1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E, Pihlajaniemi T and Kivirikko Kl. 
(1991) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet. Cell. Genet 56: 165-168. 

Borrow J, Black DM, Goddard AD, Yagle MK, Frischauf A.-M and Solomon E. (1991) 
Construction and regional localization of a Not\ linking library from human chromosome 17q. 
Genomics 10: 477-480. 

Borrow J, Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihlajaniemi T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genet 46: 1024-1033. 

Gallie BL, Squire JA, Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest. 62: 394-408. 

Goddard AD, Phillips RA, Greger V, Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genetics 37: 117-126. 

Zhu XP, Dunn JM, Phillips RA, Goddard AD, Paton KE, Becker A'and Gallie BL. (1989) 
Gjermline, but not somatic, mutations of the RB1 gene preferentially involve the paternal 
allele. Nature 340: .312-314. 

Gallie BL, Dunn JM, Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Biology of The Eye: Genes, Vision and 
Ocular Disease . UCLA Symposia on Molecular and Cellular Biology, New Series, Volume 88. 
J. Piatigorsky, T. Shinohara and P.S. Zelenka, Eds. Alan R. Liss, Inc., New York, 1988, pp. 
427-436. 

Goddard AD, Balakier H, Canton M, Dunn J, Squire J, Reyes E, Becker A, Phillips RA and 
Gallie BL. (1988) Infrequent genomic rearrangement and normal expression of the putative 
RB1 gene in retinoblastoma tumors. Mol. Cell. Biol. 8: 2082-2088. 

Squire J, Dunn J, Goddard A, Hoffman T, Musarella M, Willard HF, Becker AJ, Gallie BL and 
Phillips RA. (1986) Cloning of the esterase D gene: A polymorphic gene probe closely linked 
to the retinoblastoma locus on chromosome 13. Proc. Natl. Acad. Sci. USA 83: 6573-6577. 

Squire J, Goddard AD, Canton M, Becker A, Phillips RA and Gallie BL (1986) Tumour 
induction by the retinoblastoma mutation is independent of N-myc expression. Nature 322: 
555-557. 

Goddard AD, Heddle JA, Gallie BL and Phillips RA. (1985) Radiation sensitivity of fibroblasts 
of bilateral retinoblastoma patients as determined by micronucleus induction in vitro. Mutation 
Research 152: 31-38. 
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SIMULTANEOUS AMPLIFICATION AND DETECTION OF 
SPECIFIC DNA SEQUENCES 

Russell ffiguchi*, Gavixx Bollinger 1 , P. Sean Walsh and Robert Griffith 

Roche Molecular System*, Inc., 1400 SSrd Sl, Emeryvffle, CA 94G08- 1 Chiron Corporadon, 1400 53rd Sc. Emeryville, CA 
9^608, ^Corresponding author. 



We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube* This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PGR- Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 



A 



lthough the potential tertcuu of PGR 1 to clio- 
kaJ diagnostic* arc weU -known 2 * 5 ,- it k still not 
widely used in this setting, even though is 
— Font- year* fcinoo thermostable DNA polymer- 

ase* 4 Tnadc PCR m^cdcal. Some of the reasons for it* $low 
acceptance are high cost, tank of automation of pre-r and 
post-PCR processing steps, and false positive results from 
carryover-contamination. The first two points arc related 
in that labor is the largest contributor to cost at the present 
stage of PCR development. Most current assays requite 
some form of "downstream" processing once tfcermocy* 
ding k done in order to determine whether the target 
DNA sequence was present and has amplified. These 
include DNA hybrkhzauon**» gel efc<rtropbore«s with or 
without use of restriction dtgestwn^VHPIX?, or capillary 
electrophoresis 10 . These methods are labor -intense, have 
low throughput, and are difficult to automate. The third 
point is also doscry related to downstream processing. 
The handling of the PCR product in these dfownstrcarn 
processes increases the chances that amplified DNA will 
spread through the typing lab, resulting in a risk of 



"carryover" false positives in subsequent testing 11 . 

These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DNA took place sknultancously within an unopened re- 
action vessel Assays in which such different processes take 
place without the need to separate reaction components 
have been termed •^mogeneous"'. No truly homoge- 
neous PGR assay has been demonstrated to date, although 
progress towards this end has been reported- Chehab, et 
at l % developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Allcfc^pecinc primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a do wnstream process in order to visualize the 
result Recently, Holland, et al. 15 , developed an assay- in 
which the endogenous 5' -cxonudeas* assay of Tof DNA 
polymerase was exploited to ckave a labeled oligonucleo- 
tide probe. The probe would only ckave if PCR ampli- 
cation had produced its complementary sequence. In 
order in detect the dcavage products, however, a subse- 
quent process w again needed. 

We have developed a truly homogeneom assay for PCR 
and PCR product detection based upon tbc greatly in- 
creased fluorescence that ethidium bronude and other 
DNA binding dyes exhibit when they are bound to ds- 
DNA 141-16 . As outurtcct in Figure I, a prototypic PCR 
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1 -TrinopLc of lirnultancous ampGficatioa and detect ton of 
PCR product. The compbaentt of a PCR coatsrinrn^ EtRr that an; 
wuorescent areHsxed— £tBr jttseK; EtBr bound toother ssDNA or 
dsDN A. There is a Jar^e ouorcscence cnhancctnciit when EtBr Is 
bound to DNA and htmling U greatly enhanced when DNA .is 
double-stranded. After sumdeut (n).. cycles of PCR, the.net 
increase in dspNA resuks u> additiooai EtBr bindui^ and a net 
increaite in total fluorescence: 



fiO/IK>lrOOGV VOL 10 




PAGE 2/6 t RCVD AT 7/19/2004 3:10:03 PM [Pacific Daylight Time] s SVR:SVCS01/0 f DN!S:6638 * CSID:650 952 9881 1 DURATION (mm-ss):0446 



JUL-19-2004 13:50 FROM *• GENENTECH LEGAL 650 952 9881 



10:93246638 



P:3'6 



; "\ 



II 



t • 



0 1/1$ 1/8 1/4-1/2 




product 
" dimef 



WWW a Gel electrophoresis of PCS. amplification products of the 
human, nadcar gene, HLA DQa, made in the presence of 
increasing amounts of EtBr (up to 8 f^g/ml). The presence of 
EtBr Iwu no obvious effect on the yield or specificity of amplifi- 
cation. 





HCTOff * (A) fluorescence measurements froo* PCRs that contain. 
0.5 p.g/nJ EtBr and that arc specific for V-c]kro<no$Onac repeat 
sequence*. Five replicate PCRs *ere begun containing each of the 
DNA* specified. At each indicated cycle, one of the five replicate 
VCSts for cadi DNA -was removed from thcrxnocydzng and Hs 
fluorescence measured, Uhh* of fluorescence are arbitrary. (B) 
UV photography of PGR tubes (0.5 ml Eppcndorf-ityie, paypro- 
pykrve ftvero-centrifuge- -tubes) containing reactions, those stat*- 
mg from Z ng male DNA and control reactions without any DNA, 
from (A). 



begins with primers that are single-stranded DNA (ss- 
DNA)» dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present- This amount can vary, dej 



on the application, front single-cell amounts of DNA to 
micrograms per PGR- 8 . If EtBr is present, the reagents 
that wiU fluoresce, in order of increasing fluorescence, are 
free EtBr hsclf, and EtBr bound to the single-stranded 
DNA primers and to the dwblc*stranded target DNA (by 
its intercalation between the stacked bases of the DNA 
doob^hefce). After the first denaturation cycle, target 
DNA will be largefy single-stranded. After a PCR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several oucrdgrams. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase in fluores- 
cence- There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to s&DNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is smalt The fluores- 
cence increase can be measured by directing excitation 
iUurmnauon through the walls of the amplification vessel 



before and after, or even continuously during, thermocy. 
ding. 

RESULTS 

PGR in die presence of Ettir. In order to assess the 
affect of EtBr in PGR. amplifications of the human Hi j\ 
DQa gene 19 were performed with the dye present at 
concentrations from 0,06 to 8.0 jtgfml (a typical concen- 
tration of EtBr used in staining of nucfetc acids following 
gel electrophoresis is 0.5 ugfrof). As shown in Figure 2, gel 
etectroohorcsts revealed little or no djjSercncc in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PGR, 

Defection of human Y-chtonkowMno specific «e~ 
<pence3* SexnierK^^pecific, fluorc5Cx;nw enhancement of 
EtBr as a result of PGR was demons craied in a series of 
ampiificauotis containing 0.5 u-g/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromosomc 20 - These PCRs initially contained cither 
60 ng male. 60 ng female, 2 ng roalc human or no DNA* 
Five repKcatc PCRs were begun for each DNA, After Q t 
17, 21, 24 and 29 cycles of therniocyding, a PGR fcr each 
DNA was removed from the thermocyder, and its, fluo- 
rescence rneasurcd in a spectromiorometer and plotted 
vs. amplification cycle number (Ffr. 3A). The shape of this 
curve rcBccts the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cycle number. 
As shown, the fluorescence increased about, three-fold 
orer the background fluorescence for the PCRs contain- 
ing human male DNA. but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— *he fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel dectrophorest* on the products of these 
amplifications showed that DNA fragments of the ex- 
pected site were made in the male DNA containing 
reactions and that fettle DNA synthesis took place in the 
control samples. 

in addition, the increase in. fluorescence was visualised 
by simply laying the completed, unopened PCRs onaUV 
transuhirninatOT and photographing them through a red 
filter. This is shown to figure SB lor the reactions that 
began, with 2 ng male DNA and those with no DNA. 

Detection of specific allele* of the human fl-globin 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a detection 
qf the' sjcklc-ceu anemia mutation was performed Figure 
4 shows the fluorescence from completed amplication* 

containing EtBr (0.5 i&gfoiT} as detect*! photography 

of the reaction cubes on a UV rransflluminator. These 
reactions were performed using- primer* specific for ci- 
ther the w3d -type or skkk-cell mutation of the human 
fcglobin gene . The srjcdfidty for each allele is imparted 
by placing the sickle-mutation site at the terminal 3 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension — and thus an> 
plracatipn— can take place only if the S' nucleotide of the 
primer is complementary to the 0-gWbin allele present*'* 2 . 

Each pair Of amplications shown in Figure 4 consists of 
a reaction with etcher the wild-type allele specific (left 
tube) or stckk-alleie specific (right tube) primers. Three 
different DN As were typed: DNA from a homozygous, 
wild-type p-globin individual (A A); from a heterozygous 
sickle p~gk>bin individual (AS); and from a homozygous 
sickle £-gfcbm individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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0 f reactions each). The DNA .type was reflected in the 
relative fluorescence intensities in each pair of completed 
amplification*. There was a significant increase in fluores- 
gcpoe only where a ft-globm aQete DNA matched the 
primer set. When measured on a spcctroflnoiometcr 
(data not shown), this fluorescence was about three times 
jjmt present in a PCR where both 0-globin alleles were 
^binatchcd to the primer set. Gel electrophoresis (not 
jjiown) established that this increase in fluorescence ww 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for 2-globtn. There was 
Htdc synthesis of dsDNA in reactions in. which the alkle- 
jpedfic primer was mismatched to both alleles. 

Couturuoro monitoring of a PCR. Using a fiber optic 
devteef H is possible to direct excitation ulumirtauon from 
,i spectrofluorometer to a PCR undergoing mermocyding 
and to return its fluorescence to the spearoftuowmeter. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-eoncaintng amplification of Y-chromo 
*omc specific sequences from 25 njj of human male DNA« 
is shown in Figure 5. The readout from a control 1*CR 
vnh no target DNA is also shown. Thirty cycles of PGR 
were monitored for each- 

The fluorescence trace as a function of time clearly 
shows the effect of the thermocyding. Fluorescence inten- 
sity rises and . Calls uivcrscly with temperature. The fluo- 
rescence intensity is minimum at the denatuxation tem- 
perature (<M°C) and maximum at Ac annealin ^extension 
temperature (SOX). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbcnnocyctefi, indicating ihat there is 
Kttte dsDNA synthesis without the appropriate target 
DNA, and there is little if any bleaching of EtBr durmg 
(he continuous illumination Of the sample. 

Jn the PCR containing male DNA, the fluorescence 
maxima at the annealingfexcension temperature begin to 
increase at about 4000 seconds' of thermoeycling, and 
continue to increase with rime, indicating that dsDNA is 
being produced at a detectable levcL Note that the fluo- 
rescence minima at the denaturauou temperature do not 
significantly increase, presumably because at this temper- 
ature there is no dsDNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the Auorcs-. 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel clcctropho- 
trawii showed a DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
syndiesk for the control sampte. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence^pedfic probe can enhance die specificity of DNA 
dcccvAiun try PGR. The cHmuxvtkm of ihcac processes, 
means that' the specificity of this homogeneous assay 
depends solely on thai of tCtL In the case of fickle-cell 
disease, we have shown that PGR alone has sufficient DNA 
sequence apedficky to permit genetic screening Using 
Appropriate amplification conditions, there is tilde non- 
specific production of dsDNA in the absence of the 
appropriate target allele. 

rhc specificity required to detect pathogens can be 
more or less than that required 4 to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with die 
sample A difficult target is HIV, which requires detection 
of a viral genome that can be at the level of a few copies 
per thousands of host ceils*. Compared with generic 
screening, which is performed on ceils containing at least 
one copy of die target sequence, HJV idetection requires 
both more specificity and the input of more total 
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WWt4 UV photography of PCft tubes containing lunptojcauoju 
using EtBr that arc specific to wild-type (A) or siewe (S) alleles of 
die tam p-gbbsn gene The left bs each of tuba contains 
aBele-tpecific primers to the wild-type alleles* the right lube 
primers to the sickle aJWe. The photograph was taken after SO 
cycles of PCR, and the input DMAs and the alleles ihcv contain 
are indicated- Fifty ng of DNA was used to begin PGSL Typing 
was done in triplicate (3 pairs of FC&) for each input DNA: 



25 C 



20ng of male DNA 



25 c 




94 C 



no DNA control 




2000 4000 6000 8000 
time (sec) 

FtGtftf 5 Continuous* real-time mo tutoring of a PCR. A fiber optfc 
was wed to carry excitation fight to a PtiR to progress and aUo 
emitted light back to a flooromctcr (sec Experimental Protocol). 
AmpKficatioa tfStag human roalo-DNA specific primers in a PCR 
starting with 20 ng of human male DNA (took or * control 
PGR without PNA (bottom), were monitored. Thirty cydes of 
PGR were followed for each. Hie' temperature cycled between 
94*C (denatuwtion) And 50*C (annealing and extension}, Note'in 
the male DNA PC^ .the cyde (dmc> dependent increase in 
fluorescence at the aqneafin^/extenaion temperature. 
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DN A — up to microgram amounts— in order to have suf- 
ficient numbers of target seguences. This large amount of 
starting DNA m an amplication sig&i&catitly increases 
the background fluorescence over which anr additional 
fluorescence produced by FOR. must be detected. An 
additional complication that occurs whh targets in low 
copy-number is the formation of die "primer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer *s a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PGR amplification, and can compete whh 
true PGR targets if those targets are rare. The primer- 
dimcr product is of course d$DNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase FCR spedficicy and reduce the effect of 
primer-dimcr anlpUncaooo, we are investigating a num- 
ber of approaches, including the use of Dcstod-primer 
amplifications that take place in a single tube 8 , and the 
^hot-start*, in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins* 5 . Preliminary results using these ap- 
proaches suggest tbatprunernithxcT is effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PGR instigated by a single HIV genome in a 
background of 10* celts. With Urgcr numbers of colls, the 
background fluorescence contributed by genomic DNA 
become* problematic- To reduce this background, it may 
be possible to use sentence-specific DNA-binding dyes 
that can be made to prcferenOaJly bind PCR product over 
genomic DNA by incorporating the dye4*nding DNA 
sequence into the PCR product through a 5' ^add-on" to . 
the oUgoniK^cottdc primer* 4 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-con taming PGR is straightforward, 
both once PGR is completed and continuously during 
thermocyefing. The ease with which automation of spe- 
cine DNA detection can be accomplished is the most 
promising aspect of this assay. The Huoreseence analysis 
of completed PCRs is alreadypossible with existing mstru- 
mentation in 96-weM format**. In this format; the fluores- 
cence in each PCR can be quantitated before, after, and 
even at selected points during therraoqrciirtg by moving 
the rack of PCRs to a 96-miaowcH plate fluorescence 
reader* 6 . ' 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple noeroprics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 3 shows that 
the larger the amount of starring target DNA, the sooner 
during PCR a fluorescence increa.se is detected. Prelimi- 
nary experiments (Higuchi and Dc4Unger, manuseript in 
preparation) with continuous monitoring have shown a 
sensitivity 40 two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — as u can be in genetic scree^g-rcontinuous 
monitoring may provide a means pf detecting false posi- 
tive and false negative results. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
results due to, for example,. inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles—many more than are necessary to detect a true 



positive. If a sample fails to have a fluorescence increase 
after this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important- In any event, before any test based on this 
principle is ready for the clinic, ah assessment of its false 
positive/false negative rates wfll need to be obtained using 
a large number of known samples. 

In summary, the inclusion in PGR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amphficatton from outside 
the PCJR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

Human HLA-DOn gene **apl*Bcadoti3 containing EtBr. 
PCRs were set wp in 100 \tA volumes containing 10 raM Tris-HQ, 
pH 8,3; 50 mM KC1; 4 raM MgC^: *-5 unit* of f<uj DNA 
rxriytUCf asc (PerVm*E)mcr Genii, Norwalk, CT); 20 prnote each 
of human HtA-DQa " gene specific c4igonuckoaoe primers 
and CH27 19 and approxunatelj l<T copies of DQfr PCft 
product diluted from a previous reaction. EuHidiuin bromide 
(EiE>r t Sigma) was used at the concentrations indicated in Figure 
2. Thcrmocyding proceeded for 20 cycles in a model 480 
oScrmocydcr (Pertm-EJiner Cctua, Norwalk, CT) u&ioga "stcp- 
cydc" program of 94*C for 1 rnin- dcnaturauon and 6vT» for *S0 
sec. anncaumg and 72*C for 30 sec, extension. 

Y-chcomosomc specific PCR. PCRs (100 ul total reaction 
volume) containing 1U» j*e/ml EtBr were prepared as described 
for HLA-DQo, except with different primcn and (arret DNAs. 
These PCRs contaiacd 1 5 pmofc each male DNA^pcciJjc primes 
YIJ and V L2 M , arid cither 60 ng male, €0 og female, 2 ng male, 
or no human 1>NA. Thcrrnocycling was 94*CTor 1 rnin- and 60*C 
for 1 oiin uang a "stcr^cyde'* program- The number of cycles for 
a sample were as mcficawd in Figure 3. Fluorescence measure- 
ment is described below. 

AUck-apccsfic, human p~gtotrin pro* PGR, Amplincuions of 
100 f»4 volume" usinR 0-5 m/ml of £lBr were prepared as 
described tor H LA-DQoi above except with differcni pnmers and 
target DNAs. These PCRs contained *mW. primer pair HGrt' 
HGMA (wSdHype globin * peonc primers) or HOmi0l4S (akk- 
Ic-giobtn ipcafic primers) at 10 pmole e*<* primer pcrFCR. 
These prhiers mc developed by Wu ct aL 2 \ Three different 
target DNA* *ece twed in separate acnplifica.tk>nsr-50 ng each of 
human DNA that was homozygous for the sickle trait (SS). DNA 
that was heterozygous for the sickle traK <AS)» or DNA that 
homozygous For the w.l- globin (AA). Thcrmocycfiiuj was for SO 
cycles al for 1 mm. arid 55*C Cor 1 mhu iisuvg a "snep-cyefc 

Program. An annealing temperature of 55"Ch*d heen shown by 
/a ct aL 21 to provide alldc«pcrific amplihcaUon. S^P^f 
PCRs were photographed through a red tUtcr (YVratic«_23A) 
after placing the rcacnon tubes atop a model TO-S6 tranatnuflfti- 
nator <UV-producu San <^bricl» CA). 

Fruoreseence measurement. n«orr^ceuce nK^asuremenw were 
made on PCRs containing EtBr in a FluoroJog-2 fjfloromctcr 
(SFEX. Edison. NJ). Excitation was at the 500 nra band with 
^uT^o^dwidth with « GO 435 nmjcut^fT^jer (Mc^ 
Crist. Inc. Irvine. CA) to exclude se^-Otf er lnjht ^Hrottwd 
yirht was detected at 570 nm with a bandwidth Of about 7 nm.A" 
CX> 530 nm cut-off jShcr was used to remove the cxatanoo tujflt 
ContiuoooA tatorescence jnonitoting of- FCR. f^nrmuous 
monitoring of a PCR in progress was arcompIube<i using: 
spcctronuSromeicr and setdruja described above as weB as a 
rrbcropuc accessory (SPJEX cat. no. 1950) W both send cxatanon 
light to. and receive emitted light from, a FCR placed m ^cKo[ 
a modd 480 rhermocyclcr (Fenkm-Elmer Cetus). The probe end 
of the fiberoptic cable was attached with "5 owutc-cpoxy to t&t 
open top of a PCR cube (a 0.5 ml pc^ypropyiene ccntnfogc WW 
wk its cap removed) effectively scaling «- Ttrc cxposedTtop oj 
the H^R tube and the end of the fiheropttC caMcwcrc shielded 
from room light and the room lights were kept dunmed durmg 
each run. The moniiored PCR was an awpWicauOn of V-eh«> 
ra«dmMpcdnc repeat sccjvePCes as ck^r^ibove. c*cc\* 
usmff an armcahnc^extensjon temperature of BOX. The reacpon 
waa covered mineral oil <? drops) to prevctt cvaporauori- 
Tfacrnwcycunr and fiuoresccncc measurement vere started"' 
multancously . A umc-basc scan with a 10 second integranoo tone 
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was u«td and the emission signal was ratioed to' tbc exoiutkw 
xtasal to control for cton^e* in U^fa-sourec intcnirity. Oat* .were 
enhec^d using the <Jro3000f, version 15 (SPEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 

Trauma, Shock and Sepsis 




The CO- 14 molecule is' expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipcpolysacchaiide 
(LPS) complexed to LPS-8inding-Pratein (LBP). Trie 
ooncenirallon of its soluble form is aJtered under 
certain pathological conditions. There is evidence for 
an Important note of sCO-14.with pofyfrauma. sepsis, 
burnings and nifimirrertions. 
During septic condulons and acute infections it seems 
to be a prognostic marker -and is therefore of value in 
monitoring those patients. 



IBL offers an EUSA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-culture 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
rrxxiocjonal antibody, 
2x1 hour incubation, 
standard range: 3-96 og/mj 
detection limit 1 ng/mi 
CVrintra- and interassay < 8% 



For more information cat! or fax. 
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Real Time Quantitative PGR 
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Wc have developed a novel "real time" quantitative PCR method. The method moaoirv product 
accumulation through a duaHabetel fluorogenlc probe (Lc„ TaqMan Prolw). This method provides very 
accurate and reproducible Quantitation of gene copies. Unlike otlwr quantitative PCR methods, real-time PCR 
does nor require post-PCR sample handling, preventing potential PCR product carry-over contamination and 
resulting in much faster and higher throughput assays. The real-Urn* PCR method has a very large dynamic 
range of starting target molecule determination (at least five orders of magnitude). Real-time Quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis lias 
had an important role in many fields of biologi- 
cal research. .Measurement of gene expression 
(RNA) has btw.n used extensively In monitoring 
biological responses lo various stimuli (Tan et al, 
1994; HuanR et al. 1995a,b; Prud'homme et al. 
1995). Quantitative gene analysis (DNA) has 
iH-en used to determine the genome quantity of 
particular gene, as in the case or the human HEK2 
gene, which Is amplified in -30% of breast tu- 
mors (Slarnon et al. 1987). Gene and genome 
quantitation (ON A and UNA) also have been used 
for analysis of human immunodeficiency virus 
(J1JV) buTden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor e.t al. 1993; Plwtak et al. jvvato; 
Pintado et al. 15195). 

Many methods have been described for the 
quantitative analysis or nucleic acid sequences 
(both for RNA and DNA; Southern 1 V/S; Sharp el / 
al. 1980; Thomas 19H0). Recently, PCR lias 
proven to be *i powerful tool for quantitative 
nucleic acid analysis. PCJR and reverse transcrip- 
tase (RO-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made, pos- 
sible many experiments that could not have been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 
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that It be u^l properly for quantitation (tt««y- 
maekm 1995). Many early reports of quantita- 
tive PCR and RT-PCK described quantitation of 
the PGR product but did not measure the initial 
target sequence quantity. It is essential to design 
proix-r controls for the quantitation of the initial 
target sequences (Herrc 1992; Clomenll et al. 
100?.) 

Researchers have, developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures PCR product quantity in the log phase 
of the read ton before the plateau (Kellogg et al. 
1990; Pang et a). 1990). This method requires 
that each sample has equal Input amounts of 
nucleic add and that each sample under analysis 
amplifies with identical efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in wll samples at relatively constant quan- 
tities, such as p-actln) can be used for sample 
uoi|>lification efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QQ-tiCK, has been developed 
and Is used widely for PCR quantitation, QC-l'CR 
relies on the inclusion of an internal control 
competitor in each reaction (Bockcr-Andrc 1991; 
Platak ct al. 1093*,1>). The efficiency of each re- 
action is normalised to the Intcrnol compel Hor. 
a iftmwn amount of interna J competitor can be 

aoiDV 7HC« HQ/ WJ RClfrT 7 (\f\7 / C (\ / 7 T 
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added to each sample. To obtain relative quant- 
tatlon, the unknown target PGR product is com- 
pared with the known competitor IK"M product. 
Success of a qua ruH alive competitive PCU assay 
relies on developing an Internal control (1ml am- 
plifir* with the same efficiency as ttiv Uitgvt mol- 
cculc. The design of The compciltui and the vall- 
daiion of amplification efficienci*:* icquirc a 
dedicated effort. However, because QCi-lKIR does 
not require that PCU pioducU be analyxttd during 
the log phase of I he amplification, it is tin: easier 
vf the two methods to use. 

Severn! detection systems uie usvd for quan 
Utativc PCR and RT-PCK analysis; (1) agarose 
(2) fluorescent labeling of PCR products and 
detection with Inarcr-ii-iduccd fluorescence using 
capillar)' electropltore.*iia (ruseo el al. 199$} Wil- 
liams et al. 1996) or acrylaiulde gels, and (3) plate 
capture and sandwich probe hybrid tan lot \ (Mul- 
der el al. 1994). Although these methods proved 
successful, each method requires post-PCR ma- 
nipulations that add Time to Hie analysis and 
may lead to labumkny i oiilnii'iination. The 
sample throughput of these inrlhods i> limited 
(with | he exception of the plate capture ap- 
proach)* and, therefore, these methods are not 
well suited fuj u>o demanding high sample 
Throughput (I.e., screening of large miuibers of 
hlotiuilcxulva oi aualy/.ln^ sampler fur diagnos- 
tics or clinical trials). 

Here we report the development of si novel 
assay for quantitative ON A analysis. The assay is 
based on th«t usr. of the 5' nuclease assay first 
described by Holland et al. (1991). The method 
uses i h<- .V nuclease, activity of Tray polymerase to 
cleave a noncxtcndlblc hybridisation probe dur- 
ing the extension phase of I'CU. The Approach 
uses dual-labeled fluorogcnic hybridisation 
probes (Lcc ct id. 1993; Hasslcr ct al. 19**5; IJvok 
el al. l$9fio,b). One fluorescent dye serve.3 as a 
reporicr | FA M (i.e., 6-carboxyfluoresccin)| rind its 
emission spectra is quenched by the second fluc>- 
rescent dye., TAMRA (I.e., o-carboxy-ietra methyl- 
rhodaminc). The nuclease degradation of the hy- 
bridisation probe releases the quenching of Ibe 
I'AM fluorescent emission, resulting in an In- 
crease hi peak fluorescent emission at SJfc run. 
The use Of <i sequence detector (Alii Prism) allows 
measurement of fluorescent spectra of all 96 wells 
of rhe thermal cycler comlmiottsly during the 
i*CK amplification. Therefore, the reaction^ aj« 
moTiltored in ival lime. The output data is de- 
scribed and quantitative analysis of input target 
DNA sequences is discussed below. 



RESULTS 



PCR Product Derealon in R«ai Time 

The goal was to develop a high-lhrougbpul, sen- 
sitive, and accurate gene quantitation assay for 
use In monitoring lipid mediated therapeutic 
gene delivery. A plasmld encoding human factor 
VIII gene sequence, pF8TM (sec Methods), was 
used as a model therapeutic gene. The assay use* 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Alii Prism 77(H) Sequence Dcierlnr). Hut 
Taqman reaction requires u hybridisation probe 
lalxlcd with two different fluorescent dyes. One 
dye Is a rcporlvr dy« (VAKi), the other is quench- 
ing dye (TAMRA). When the pruU: is intact, fluo- 
iCKcnt energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA). During Die extension 
phase of the PCK cycle, the fluorescent hybrid- 
tan Ion probe is cleaved by the S'-.T nueleolytic 
activity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to the quenching dye, re 
suit ii ik In on Increase of the reportor dyo fluores- 
cent emission ap^-ctra. PCR primers- und prohuN 
were dcsigmnl ft>< the human factor VI 11 se- 
quence and human p-actln gene (as described in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe and 
magnesium concentrations yielding the lushes! 
Intensity of reporter fluorescent signal without 
sacrificing specificity. The Inst rumen I uses a 
charge-con pled device (i.e., CCD camera) for 
measuring the fluorescent emission spectra from 
SOO to C,$0 rim. Hach PCR tube was monitored 
sequentially for 26 msec with continuous moni- 
toring throughout the amplification. Uach lube 
wa* rr-cxan i In cd every B.5 see. Computer sofi- 
wnre. was designed 1o examinr the fluorescent In- 
tensity of both the reporter dye (FAM) and 
the quenching dye (TAMRA). The lluoresccnt 
intensity of the quenching dye, TAMUA, changes 
very Utile over the course of the PCR am pi 111* 
cation (data not shown). Therefore, the Intensity 
of TAMRA dye emission serves as an internal 
standard with which to norma I bus the reporter 
dyi: (FAM) emission variations. The software cal- 
culated a value termed AKn (or ARQ) using the 
following equation; ARn - (Hn J ) (Rn"), where 
Rn 4 emission intejisliy of reporter/emission in- 
tensity of quencher al any given time In <v reee 
tlon tube, and Ru - emission intensitity of re- 
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poncr/cmlssioi) hucmiiv uf quencher measured 
prior 10 TCH iimylilicaUon in that same reaction 
tube. l ; or the purpose of quantitation, ihc Um 
three data points (ARns) collected during the ex- 
trusion step for each PCK cycle were analyzed. 
The nucleolytic degradation of the. JtyurRlfx*iioiv 
probe occurs during the extension phase or rtat, 
and, therefore, reporter fluorescent «n nuun In- 
creases during tills time. The ilucc data point* 
were averaged for cacli KJk cycle and the mean 
value for each was plotted in an "amplification 
plot" shown In J'ltfure ] A. The ARn mean value is 
plotted on the y-axis, and time, represented by 
cycle number, is plot led on Hie *-axis. During the 
early cycles of the PCIt amplification, the ARn 



value remain* at base lino When sufficient hy- 
bridization probe has been cleaved by the Ttu) 
jxriymcrasc nuflc&AAG activity, the Intensity of re- 
porter fluomtccm emission inereu*ct». Most VCA\ 
ainplifiuillon* read) » plateau phoKe of reporter 
fluorescent cmifisfon if the reaction h carried nul 
to high cycle nuniln^- The amplification plot \'J 
examined uaily in Ih* fraction, ut a point (hat 
leprcsonls i\w log phase of product armtnula* 
tkm. This is done by ussiffning an uibiUruy 
threshold thui is based on the variability of the 
base-line did*, fn Figure 1 A, the [hnshold was set 
at 10 standard deviation*; above the mean of 
ba*e line emission calculated from cycle* 1 to 1 fv 
Once the threshold is chosen, the point at which 
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Figure 1 PCR product detection in real time. (A) The Model 7700 software will construct amplification plots 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from the base line of the amplification ploL C, values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 10 times the 
standard deviation of the base line). (8) Overlay of amplification plots of serially (1:2) diluted human genomic 
DNA samples amplified with £-actin primers. (Q Input DNA concentration of the samples plotted versus C T . All 
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the amplification plot crossed the throjiholdis-cle 
fined as C r . C r is reported a* the cycle number ;« 
tlii?: point. As will be demonstrated, the CI, .value 
1st pieUiUjve of ihc quantity of input t»rgei. 

Values Provide a Quantitative Measurement- ctf 
Inpur Targer Sequences 

Figure IB shows amplification plot* of 
enl PGR amplifications overlaid. The Amplifier* 
dons wore performed on a 1:2 serial dilution «a 
human genomic 1WA. J"hc amplified target w:u 
human p actin. The amplification plots xhifl to 
the right (to higher threshold cycles) n* the input 
target quantity is reduced. 'JT>is \$ expected be- 
cauxu rtmetlortK with fuwer starting copiux of the 
target molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine the C r values. Figure 1C represents the 
values plotted versus the sample dilution 
value, Each dilution was amplified m triplicate 
PCM amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. 'Hie C r values decrease linearly with increas- 
ing targei quantity, Thus, c; r valuta can be used 
as « quantitative measurement of the Input target 
number. It should be noted that the amplifica- 
tion plot for the 15.6«ng sample shown In Figure 
IB docs not reflect the same fluorescent rate of 
increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves endpoint pla- 
teau at a lower fluorescein value than would he 
expected based on the input I>NA. This phenom. 
cnon has been observed occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
sill! under Investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated O, value as 
demonstrated by the Hi on Die line shown in 
Figure 1 C. All triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed 0,5 for any dilution. This experi- 
ment contains a > 1 00,000-fold range of input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range. oi fluorescent in- 
tensity measurement of the AIM J'rlsm 7700 Se- 
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merits over n very large r;uig<- i*f relive starting 
target quantities. 

Sample Preparation Validation 

Several parameters influence the cfhcleury of 
PCIR amplification: magnesium and salt -conceit: 
irattoiK, reaction conditions (i.e., time and tern* 
perature), PCU target size and composition, 
primer sequences, and sample purity. All of The 
above (actors are common to a single J'CK assay, 
except sample to sample purity, in an effort to 
validate the method of sample preparation for 
theiacior VJll assay, PCR amplication reproduc- 
ibility and efficiency ol !0 replicate sample 
prorations were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quamiuued by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-aciln 
gene, content In 100 ami 26 ng of total genomic 
UNA. Each I'CK amplification was performed in 
triplicate. Comparison of C r values for each trip, 
iicate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table 1). Therefore, each ol the triplicate PCR 
amplifications was highly reproducible, demon- 
strating that real time FCH using this instrumen- 
tation introduces minimal variation Into the 
quantitative. J'CR analysis. Comparison of the 
mean C n values of ihe 10 replicate saa^ple prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded simiiar 
results for (4-acUn gene quantity. The highest Cy 
difference between any <if the samples was 0.S5 
and 0.73 for the 100 and 25 ng samples, respec- 
tively. Additionally, the amplification of eai:h 
sample exhibited an equivalent rate of fluoro 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from Ihc sample dilutions (Pig. 2). 
Any sample containing an excess of a VCH inhibi- 
tor would exhibit a greater measured 0-actin G r 
value for a given quantity of UNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (Hg, 2), altering 
the expected C r value change. Each sample am- 
plification yielded a simiiar result in the analysis, 
dcmonsiralimj that this method of sample prepa- 
ration is highly reproducible with regard to 
sample purity. 

Quantitative Analysis of a Plasm id After 
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Table 1 . Reproducibility of Sumplc Preparation Method 



Sampla 



no. 



2 
3 
4 
5 
6 
7 
3 
9 
10 

Moan 



100 ng 



standard 
m^an deviation 



CV 



18.24 
18.23 

18.33 

18.35 

1fM4 

18.3 

18.3 

18,42 

18.15 

18.23 

18.32 

18.4 

18.38 

18.46 

18.54 

18.67 

19 

18.28 

18.36 

18.52 

18.45 

18.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.57 

1 R.66 

0 10) 



18.34 



18.55 
18,42 



0.06 
0.06 
0.07 



18.23 0.08 



10.42 0.04 



18.74 0.24 



18.39 0.12 



18.63 0.16 



18.29 0.1 



0.12 
0.17 



0.32 

0.37 

0.36 

0.46 

0.23 

1.26 

0.66 

0.83 

0.5* 

0.65 
0,90 



20.46 

20.55 

20,5 

20.61 

20.59 

20.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20,63 

21,09 

21.04 

21 .04 

20.67 

20,73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



25 ng 



mean 



20,51 



20..S4 



20.43 



20.86 

20.51 

20.73 
20.66 



standard 
deviation 



0.03 
0.11 



20.54 0.06 



0.05 



20.73 0.13 



21.06 0.03 



20.68 0.04 



0.12 

0.07 

0.1 
0,19 



cv 

0.17 

0.54 

0,26 

0.26 

0,61 

0.15 

0.2 

0.57 

0.32 

0.46 
0.94 



(or containing a partial cDNA Tor human factor 
Vlll, pt-'BTM. A series of transections was act 
up using a decreasing amount of the plasmid v (40, 
4, 0.5, and O.I ng). Twr.my-four hours posi- 
tni infection, total DNA w<j$ purified from each 
flask of celb. (5-Aclin gene Ljuajillly mt* c1jom.ii as 
a value for norm* latino of pium ic DNA con- 
ccmraUoii from each sample. In this cxpciimunt, 
|i-actin gene content should remain constant 
relative to total genomic DNA. Figure 3 shows the 
result of the p-actlu DNA measurement (100 jig 
total DNA determined hy ultraviolet spectros- 
copy) of each sample. Kach sample was analyzed 
in triplicate and the mean ji-acun Cr values of 
the triplicates were plotted (error bars represent 
rt-i.uiofri fiMviutinni I h*» hti>h**?;T iliffrrrnrr 



lH»tw<u^ii any iwo sam plo moans was OV.'S C,-. Ten 
nanograms of total DNA of each sample were also 
examined for {.Vactln. llic results o£uin .showed 
that very similar amounts of genomic 1>NA were 
present; the maximum mean p actio C: { value 
difference wa.s 1 .0. A3 l ; igurc 3 shows, the r;ite of 
P actln C r ulia/iKv between the 100 and JO-ng 
s«jnx>1e.i was similar (slope values rang« batwoon 
3.56 and -3,45). This verifies again thai the 
method of sample preparation yields Kirriplas of 
identical PCR integrity (i.<*~, no sample contained 
an excessive amount of a PCR Inhibitor). How- 
ever, these results Indicate thut each sample con 
taincd slight differences in the actual amount of 
genomic DNA aualyxcd. Determination of actual 
teuuujiuc DNA concentration was accomplished 
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Figure 2 Soi i tple preparation purity. 1 he replica to 
camples shown In Table 1 wore aba amplified In 
tripicate using 2S ng of each DNA sample. The fig* 
ui* shows die input DNA concentration (TOO And 
25 ncj) vs, C, In iho figure, ih#» 100 and 75 ng 
points for «ach sample are connected by a line. 



hy plotting the mean p-actin C t value obtained 
for t*aeh 100-ng sample tin a p-actln standard 
curve (shown Ira Fin- 40). The actual genomic 
DNA concentration of each suoipU:, a, was ob 
tallied try extrapolation to tllu X-axli, 

Figure 4 A shows the measured (l.tt., mm- 
normalised) quantities of factor VJJ) pttiamid 
HNA (pIWTvt) from each of the four transient cell 
transections. Each reaction contained 100 n£ of 
total sample. DNA (as determined by UV spectros- 
copy). F.ach sample was analyzed in triplicate 



2S 



21 



20 -i 




V -27.73' *Wr 11.1 



pFgrMtmnsfeqlod 



• 40 M9 

0.3 MO 
0.1 HO 



0.3 



*1 

4" 



1£ 1.4 i-a 1.6 
log (ng input 0NA) 

Figure 3 Artalybbuf tiansfectcd cell DNA quantity 
and purity. I lie DNA preparations of the- lour 293 
eel! transactions (40, A, 0.5, and 0.1 of pF8TM) 
were analysed for the 0-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transfected, the fS-aciln 
C T values are plotted versus rhe total Input DNA 
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i>C.r< «rmplincatiom. As shown, pFBTM purified 
>func Jhe ZO'A cells decreases (moan C, values; in- 
ctu:i*<*j with decreasing amounts of plasm Id 
itruitsft-Ucd. 'Che mean C 4 values obtained for 
pFfcTM in 'Figure 4A were plotted on a standard 
curve comprised of set tally diluted pFKTM, 
shown .in figure 4R. The quantity uJ pFKTM, b, 
found in each of the four transections was do- 
tcrmined by extrapolation to the x axh; of the 
standard curve. In Figure 4H. These uncor reeled 
values, b, for pWJ'M were normally**! to deicr- 
mine the actual amount of pF81M fuund per 100 
of genomic DNA by using the equation:. 

/> X 10 0 rift actual plWM copies per 
a T 100 ng of genomic DNA 

where a actual genomic DNA in u sample and 
b w. pf : H*lTvl coptca from the standard curve. 'Hie 
normalised quantity of pl'BTM per 100 ng of ge- 
nomic DNA for each of the four tranafcctlons Is 
shown In Figure 41 J. 'ilictc roull* show ihai ihc 
quantity of factor VIII ptasiuid associated will i 
the 293 cells, 21 lir after irunsfvciHin, ck:cic«iscs 
with decreasing pJti»iuu) MiiiusiHiaiJou used In 
the transection. The quantity of pFBTM associ- 
ated with 293 cells, after transection with 40 Uyg 
of pKjsmid, was 35 pgper 100 ng genuinlc DNA. 
This results in -520 plasiuid 'copies per cell. 



DISCUSSION 

We have described a new method for quantilni- 
iuft gene copy numbers using realtime analysts 
of FCK ampllficatlom. Real-time FCK is compat- 
ible with cither of the two PC:K (KT-PCR) ap- 
proaches: (1) quantitative con ipd hive where an 
Internal cumpellior for each target sequence is 
used for normaljzQtlon (data not shown) or. (2) 
quantitative comparative PCH using n noioutliisa- 
tlou gene contained within the sample (i.e., (3-ac- 
tin) or a "housekeeping" gene for R'1-PCK. \f 
equal amounts of nucleic ueJd are analyzed for 
each sample and if the amplification cffiiiertcy 
before quantitative analysis ■» identical for each 
sample, the hnenial conliol (hoj malign 5 mi ^ene 
or competiccjr) should K lve equal M^nah for all 
samples. 

The real-time PCK method (offers several ad- 
vantages over the other twt) mclhods currently 
employed (see the Introduction). First, the real- 
time PCR method is performed in a doscd-tube 
system and requires no post-PCR manipulation 
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Figure 4- Quantitative Analysi* of pF8TM in transected cells. (A) Amount of 
plasmid DNA used for I he trumfectlon plotted against the mean C, value deter- 
mined for pfSTM remaining %4 hr alter transection, <0,Q Standard curves of 
ppftTM and 0-acdn, respectively. pf^TM DNA <fl) and genomic. DNA (Q were 
dilutftd fiftfblly 1 :S before amplification with the. appropriate primer*. The p-actin 
standard curve wav usod to normalise the results of A to 1 00 ny of genomic DNA. 
(0) The amount of pfSTM present per 1 00 ng of genomic DNA. 



of sample. Therefore, |m> potential for rCR con* 
lamination in the laboratory is reduced because 
amplified products cam h<* analyzed and disposed 
of without opening the ruction tubes. Second, 
(his method suppoU* the u.se of a tuirmalixHlJoi] 
gene (Lc., 0-actin) for quantitative. PCR or house- 
keeping genes for quantitative RT-4'Ck controls. 
Analysis is performed in real time during the Jog 
phase of product accumulation. Analysis during 
k>K phase permits many different genes (over a 
wide input target range) lo be analy^rd simulta- 
neously, without concern of reaching reaction 
plateau at different cycle*. This will make uiultl- 
jjcth-. analysis assays much castai lo develop, be- 
cause individual internal uimpclUojs will nol lie 
needed for each gene under analysis- Third, 
sample throughput will int. tease diamalUally 
with the new method because there is no post* 
J*CR prnc curing time. Additionally, w diking In a 
format to highly compatibles with auto* 
niation technology. 

The real-time 1>CR method is highly repro- 
ducible. Replicate, amplifications can be analyzed 



for each sample minimizing potential eriur. The. 
.system allows for a very large assay dynamic 
range (approaching i,000,000-fold starting lai- 
gel). Using u standard curve for the target ol in- 
terest, relative copy number values can be deter- 
mined for any unknown sample. Fluorescent 
threshold values, C p contdatr. linearly with Tela- 
tive DNA copy numbers. Real time quantitative 
KT-PCU methodology (tilbsoji et al., Uiis Issue-) 
has also been developed. Finally, real Urn* quan- 
titative I*CU methodology can be used to dcvcJup 
high-throughput screening assays for a variety of 
applications [quantitative gene cafrjeasiun (KT- 
rCR), ^enc copy assays (!1cr£, I1IV, ClC»), £Cm> 
typing (knoefcoui mouse analysis), and limnuuo- 
PCUj. • 

Real-time POU tviay al.x> l>e performed using 
intercalating dye.?* (Hlguchi cl al- such as 

eUiJdium bromide. The fluorogenic probe 
method offers a major advantage over inter- 
calating dyes- 'greater specificity (I.e., printer 
dimers and nori sped flc POft products are not de- 
tmed). 
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METHODS 

Generation uf a Plasmld Containing a Partial 
cDN A far Human Factor YIU 

Total RNA was harvested (ttNA*ol U from Trt Tc« r Inc., 
rrjc«dswood, TX) froxu c«ll> ii-Mwrceled with a factor VI 11 
expression vector, pClS2.tk4&IJ (Kotun vt id. WH6; Gor« 
mon ci al. 1900), A factor VIII |*vtlat cIlNA MVpHfHV WtlS 
^*ti<ir«lcd by in* prjt Ku.ncAmp ia Hill ItNA i»r.u Kit 
(pan NW)rwn/9, i't Applied litosyiicms, Vwwt C\Uy f L'A)\ 

using the l'C:il |>i-iuivr* FKfor hiu! Ittrev (|»rifii«-r sequence* 

arc shown Mow). Tin* ampHcon was reamplifird uMnR 
modified fflfor and Wrcv primers (appended with ri«m/!ll 
and f/wdUl restriction sire, sequences at Uiv a' end) and 
cloned l"t<> pGKM- 3Z (ProitK^a Gorp., Mudwon, WI). The 
resulting clone, pVSI'M. was used lor transient transfealon 
of 293 cells. 



Amplification of Target DNA ami Detection o( 
Amplicon Factor VIII Plasmid DNA 

(pr'ffTM) was amplified whh the i««mk-is l-tifo* 5'-<X;G« 

crrcKX^ACjAUiixjAcxsicrrc^' and Wrev . f > f -AAA<urr- 

t;AGCXnX>GATG(jVAGG-3'.Th<s ivactUm produevd t« «122- 
up hi':k produci. The forward primer was eloigned lo tcv 
ogulxc a unique mi|(iviiu* hmod Ij'i the 5' untranslated 
region of Ihc pamtl uC152,tk£SI> pldsnml and therefore 
clues not k , u<h mUl: < 1Mt ^ timpllfy the human factor Vlll 
gems I'ritvinffc woro chosen with the avsirianre of the com. 
I>ulcr program Olitfo 1.0 (National Itiuxcionces, lne». Ply- 
mouth, MN). The human P-actl« gt- nc was amplified with 
the primer) fs-tieiin forward primer S'-TCAOOCAOAtTrCST 
GCCCAJ'CI'ACOA-.V and {i-actin reverse p>imcr V-CACI. 
CGCAACCX:<rr<:Al'lc>c:(.AA'lGG-3 # . The reaction pro- 
oueeo a 295* hp rOlc product. 

Amplification reactions (50 pj) contained a UNA 
sample. JUX PCIt liuffw II (S p.!), 200 n-M dATP, dCTP, 
dOTr, and 400 pM dim 1 , 4 nut MgU„ 1.3LS Units AmpH 
7Vi<; DNA polymciasc, 0.5 unit AviipKrasc uracil /V-fjly- 
tnwylujK' <UW0), 60 pinole of each foeloi VIII prlinet, and 15 
pinole of ouch p *ct In pilmar. 'Hio icaetlnn* al«i contained 
OHO Of the following detection prnhos (HKJ nu cneh)i 

l/gj.n.iie A'(VAM)Ac:cri*crj , c:cu(:<rrcicrin , (rrrr<n , cjT- 

GCCTT(TAMRA)p 3' «ud p-actin prvbe 5' (FAM)ATCJC<X:- 
XCrAMKA)CCCCCATGCCATCp..r whrrc p indicates 
phmphnrylalion nnd X Indicates a linker arm nucleotide. 

MicroAmp Optk^at Tul>cs (part AUm- 
Ut NH01 09 .1.1, Parkin Ulnier) tiiat were fronted (A JH»rkln 
FJnicr) lo pn'vnil l«eht from reflecting. Tube caps were 
similar to MieroAtVip t;apa l>ul specially designed to prc- 
veul llfcht 9ca(lvniig"AI1 <il VCM «^?n/it4inhtvlv« wcr<t sn>»- 
r liv:d Ivy PK Applied Itiotfyricnia (Po*ter CMy, CA) except 
l he fue.ior VIII primera, will ell weir synthesized at Cenen 
tech, Inc. (South rrunclseo, CA). Pxotnn: ww designed 
using the Q\ii;o 4.0 software, follvwlng guideline* 

j»C5ieo in mc Model 7700 .sequence l>euvn»r liixuuuii'iil 
manual. Hrlcfty, prube T m sJuuihl he ai least 5 U C higher 
Ulan rlu' antu'tttttix ltrtupt*Mturc: used during (hernial cy- 
cling; primers should j K >l fonn M«ihlv di<plexe<t' with the 
probe. 

The Iheriufll eycJJng cundiOons Ineludcd 2 uiln at 
SiTC and 10 niiei at 9S"C. 'Hicrutal cycling prr>cee<3ed with 
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reactiout; were perfonuvd *m the Mndol 7700 .Sequence IV- 
|c<el<tr (PC Applied Ulusyvluuiv), which cciiUaUn » Cene- 
Anit> lK"ai Systvm PGO0- Uea<:llon wudition* were pro* 
RrumiitcU on a I'uww MaciiiU»h VI Oft (Apple Computer, 
.Santa Clara, t^\) linked dimily to the Model V700 ,S.«. 
qucnev IXUeclor* Anaty*t« «f data alw.i pMnrrwd nn 
lUe MH^tntrvsh computer. Collection and analysis tnfiwyre 
wa» dcvelO|wl at l«K Applied Blosyslums. 

Transection of Ccll$ with Factor VIII Coiiiiruct 

Pour 1175 flasks of 293 cells (ATCC C:K1. 157It), a human 
fetal kidney suspension cell line, were $mwu to 80% coiv 
ihieney and tramfcct«d pivm. Celk were grown In thv 
Njllowlug medio; S()% HAM'S V\2 without GUT, iCWfi low 
glucose JXUlKwn'j modified VatfQ medium (UMKM) with- 
out glyditc with sodium bicarbonate, 10% lctal tawine 
seniiii, 2 him L^lut««inli)c, and 1% pcniriMn-strcptomy- 
tin, 'llic media was cJmf»h'cd 30 mln Wo«« the Iransfce 
lion, prui'M HKA amounts of 40, 4, OS, and 0.1 pf; were 
added io 1.S ml of a solution wnialnlnR 0.I2.S m CUiCV 
and 1 x lit'A'VS, The four mixtures were left at room tern- 
|jcrwiwri« fot it) mln and Oien atUh-*! dntpviLie to the cell*. 
The n*>k> wvie.inuuUaed at 37°C*. and , C /K, CX\ for 24 hr, 
washed with PUS, rai«jipcndcd In PUS. The u»«u« 
pende^l cells were divided into aliquot* *md 0MA was 
frocted liiimcdlua-ly usiiiR IhvQJAaiup K'oi«i Kit (Cilapjen. 
Qialsworth, CA), »>NA w<i.s cJuled Into 200 P l of 20 
1VU-UCI at pll 8.0. 
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Contributed by David Botstein and Arnold I. Levine, October 21, 1998 

ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressible promoter, and pi) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24 J. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP-3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3/3 (GSK-3/3) resulting in an increase in 
/3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (A PC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
0-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed ,goosecoid y twin(Xtwn) y and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
. Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor, CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
"hTo whom reprint requests should be addressed, e-mail: dtane@gene. 
com. 
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cDNA was synthesized from 2 /xg of pory(A)^ RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 ^ig 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WlSP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
. coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISPS were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA, PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 /iM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell, lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2 (Act) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W'/.SP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C5JMG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-I and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells orC57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up- regulated approximately 3-fold in the C57MG/ Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of *=40,000 (M T 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of «=27,000 (M r 27 K) (Fig. 25). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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FiC. I. WISP-1 and WISP-2 are induced by Wnt-l, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/WnM, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 jig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- /-specific probe 
(amino acids 278-300) or a 190-bp WTCP^-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (5). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354 r aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3/Q. 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov, CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-0 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, . similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. {A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted! proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP- 1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-l and WISP-2. Expression of 
WlSP-1 and WlSP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-l was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP- 1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-I, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 £-//). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




FiG. 4. {A , C, £, and C) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP- 1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP- 1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and 0), and tumor cells are negative. 
Focal expression of WISP- 1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-l was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-l is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31} on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-I is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-I resides in the same 
general- chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-I 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-I locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-I and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-I in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one (P - 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-l (P < 0.001). 

The levels of WISP, transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 




Fig. 5. Amplification of WISP-I genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 ng) 
digested with EcoRl (WISP-I) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-l probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA wasoverexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
.Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1. retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v /3 3 serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP'2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and j3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- ■ 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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Wc have developed a novel "real time" quantitative PCR method. The method meacurer PCR product 
accumulation through a dual-labeled fluorosenlc probe {i.c, TaqMan Prob*). This method provides very 
accurate ami reproducible quantitation of gene copies. Unlike otter quantitative PCR methods, real-time PCR 
does nor require post-PCR sample handling preventing potential PCR: product carry-over contamination and 
resulting in much faster and higher throughput assays. The real-time PCR method has a very large dynamic 
ranffe of starting target molecule determination (at least five orders of magnitude). Real-time quantitative 
PCR is extremely accurate and less-labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis lias 
had nn important role in many fields of ♦biologi- 
cal research. Mcasuicmcni of gent expression 
(RNA) has been used extensively in monitoring 
biological responses lo various stimuli flan ft al. 
1991; Huang et at. I995a,b; Prud'homme et al. 
1995). Quantitative gene analysis (T;NA) lias 
hi-cii used Hi determine the genome quantity of 3 
particular gene, as in the case, or the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slarnon c:t al. 1987). Gene and genome* 
quantitation (UNA and RNA) also have been used 
for analysis of human immunodeficiency virus 
(HJV) buTden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; PJatak el al. J9v:sb; 
J-urrado et al. 1995). 

Many methods have heen described for rtu: 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern 1 V/6; Sharp cl 
al. 1980; Thomas 1980). Recently, PCR lias 
proven to be a powerful tool foT quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made pos- 
sible many experiments that could not hove, been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



that It he used properly for quantitation (U»tiy« 
macKeTs 1995). Many early reports of quantita- 
tive PCR and RT-PGR described quantitation of 
the PCR product but did not measure the Initial 
target sequence quantity. It is essentia) to design 
projxT controls for the quantitation of the initial 
target sequences (Pcrrc 1992; Clementl et al. 
100?.) 

Researchers have developed several methods 
of quantitative PCR and KT-PCR. One approach 
measures PCR product quantity in the log phase 
of the rewalon before the plateau (Kellogg et al. 
1990; Pang ct al. 1990). This method requires 
that each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with identical efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
tity, such as p-actln) can be used for sample 
amplification efficiency normalization. Uslny 
conventional methods of PCiU detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the taTgcl gene and the 
normalization gene). Anotiier method, quantita- 
tive competitive (QQ-PCR, has been developed 
and is used widely for PCR quantitation, QC-PCR 
relics cm the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Piatak el al. I993*,b). The efficiency of each re 
action is normalized to the internal competitor. 
a innum smiuiiiH of interna J competitor can be 
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added to each sample. To obtain relative onant- 
tatlon, the unknown target PGR product is com- 
pared with the known competitor K!U product. 
Success of a cjuamllaHvc competitive VCli assay 
relics on developing an internal control that am- 
plifics wiUl ihe same efficiency as the uugvl "mol- 
ecule. The design of the compctltui and the vali- 
dation of amplification efficiencies, icquirc a 
dedicated effort. However, because QCMKIH does 
not require that PCR pi oducts be analyst*! during 
the log phase of Ihe. amplification, it js tins easier 
vC l he two methods to use. 

Several detection Kystciu* aie used for quan 
Utativc PCR and RT-PCR analysis; (1) agarose* 
gels, (2) .fluorescent labeling of PGR products and 
detection wiih In.-uTr-inducttd fluorescence using 
capillar)' electrophoresis (Fasco el al. 1995; Wil- 
liams et al. 1996) or aerylaiuide gels, and (3) plate 
capture! and sandwich probe hybrid l*a tit m (Mul- 
der el ah 1994). Although these ijicOkkJ* proved 
successful, each method requires post-PCR ma- 
nipulations that add Time, to the analysis and 
may lead to laboratory lonlau'iiiiation. The 
sample throughput of these jiirlhod> is limited 
(with Ihe exccpllon of the plate capture ap- 
proach), ami, thermion:, these methods are not 
well suite.d fiu u.so demanding high sample 
throughput (i.e., screening of large numbers of 
blomwtca.uhr.> oi aiiitlyAlit^ samples fwi dia£iicn>- 
Ucs or clinical trials). 

Here we report the development of it novel 
iissay for quantitative DNA analysis. The assay Is 
based on ihe us* of the &' nuclease assay first 
described by Holland et al. (1991), The method 
uses the 5' nuclease. Activity of 7Vw/ polymerase lo 
cleave a noncxtcndlblc hybridization probe dur- 
ing the extension j>hose of I'CU, Hie npj>roach 
uses dual-labeled f)uoro£cnic hybridisation 
probes (Lec ct a). 1993; Hasslcr cl al. 1995; hivalt 
et al. 1$95o,b). One fluorescent dye serves as a 
reporter JF AM (i.e., 6-carboxynuoresvcin)| and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA ({.«., 6-carlx>xy-letram*thyl- 
lhodaminc). Hie nuclease degradation of the hy- 
hrkll/Jition probe re leases ihe quenching of Ihe 
I 'AM fluorescent emission, resulting in an In- 
crease in peak fluorescent emission at SIB nm. 
The use. Of a sequence detector (Am Prism) allows 
measurement of fluorescent spectra of all 96 wells 
of the thermal cycler continuously during the 
1*CK amplification. Therefore, the reucltoiis aje 
monitored in real time. The output data is de- 
scribed and quantitative analysis of input target 
l )NA sequences is discussed below. 



RESULTS 



PCR Produce Dcrccrlon in R«ctl Time 

The goal was to develop a high-throughput, sen- 
sitive, and accurate jjene quant bat I on assay for 
use In monitoring lipid mediated therapeutic 
gene delivery. A plasmid encoding human factor 
VIII gene sequence, pI-8TM (see. Methods). w;is 
used as a model therapeutic K« IU: - The assay iisei 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Alii Prism 7700 Sequence Detector). Ihe. 
Taqman reaction requires » hybridization probe 
lalxdcd with two different fluorescent dyes. One 
dye is a reporter dyu (l«AM), the other i* a* quench- 
ing dye (TAMRA). When the proU: is intact, fluo- 
icsccnt energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA). During the extension 
phase of the PCK cycle, the; fluorescent hybrid- 
IxAlton probe is cleaved by the 5'-.V nucleolytic 
activity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to ihe quenching dye, re 
suit ii ik hi an increase of the reporter dye fluorct- 
cent emission apectra, PCR primers and probe* 
were designed fm the iiuman factor VJ11 se- 
quence and human p-aetln gene (as described in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe and 
magnesium concentrations yielding the highest 
Intensity of reporter fluorescent signal without 
sacrificing specificity. The Instrumenl uses a 
chftrKt>cotiplcd device (i.e., CCD camera) for 
measuring the fluorescent emission speelru from 
500 to IS50 nm. Kach PCR tube was monitored 
sequentially for 25 msec: with continuous moni- 
toring throughout the: amplification. Uach lube 
was re-examined every H.5 sec. Computer soft- 
ware, was designed to examine the fluorescent In- 
tensity of both the reporter dye (FAM) and 
the quenching dye (TAMRA). The fluorescent 
intensity of the quenching dye, TAMRA, changes 
very Utile over the course of the PCR amplifl* 
cation (data not shown). Therefore, the intensity 
of TAMRA dye emission serves as an internal 
Mandard with which to normal Uses the reporter 
dye (FAM) emission variations. The software cal- 
culates a value termed ARn (or ARQ) using the 
following equation: ARn - (Rn J ) (R»»")* where 
Un 4 . emission intensity of reporter/emission in- 
tensity of quencher al any given time in a roue 
tton tube, and Ru r- emission inteositity of re- 



Z0S6 091 6*6 XVJ 6S^T ZOOZ/SO/ZT 



Fj-om : EML 



PHONE No. : 310 472 8905 



Dec. 05 2002 12: 22AM Pi3 



Hiion Al. 



poner/emisstoi) Intensity ul quencher measured 
prior to PGK amplilication in lhar wmc reaction 
tube. I'or the purpose of quantitation, the last 
three data point* (AK»$) collected during the. ex* 
tension step for each 1 J CK cycle were analyzed. 
The micleolytic degradation of the nyurkli/ation 
pfobc occurs during the extension phase or tiai* 
and, thintforc, reporter fluorescent i:in»Mon In- 
creases during ibis time. Jin: Unci: data polntN 
were averaged for each K JK cycle and the mean 
value for each was plotted in an "amplification 
plot" shown in J'iflurc 3 A. The AKn mean value is 
plotted on the j^axis, and time, represented by 
cycle number, is plotted on the* -ax is. During the 
earJy cycles of the VCM a mpMfl cation, th* ARn 



value remains at base lino When sufficient hy- 
bridization probe has boon cleaved by the Ttu) 
jx>lymerase nuflftAfie Activity, the intensify of ro- 
portvr fjuorctceni emission Increase*. Most KIK 
amplifk-Mjons reach ;t plateau phase of reporter 
fJuurescv.nl emission If the reaction Is carried mil 
lo high cycle uiniiK-is. The arnplinVaUon plot \'J 
examined euily in lh«t reaction, at a point thai 
icpjcsenU ihv log phajie of product arrmnula* 
tkm. This is done by assigning an arbitrary 
'threshold thai is bused on the variability of the 
base-line duU. fn Figure 1A, the threshold whs set 
al 10 standard deviations above the mean of 
base Uric emfcuuoti calculated from cycle* 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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Figure 1 PCR product detection in real time (*) The Model 7700 software will construct amplification plats 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from the base line of the amplification plot C, values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 1 0 times the 
Standard deviation of the base line). (8) Overlay of amplification plots of serially (1:2) diluted human genomic 
DNA samples amplified with p-actin primers. (Q Input DNA concentration of the samples plotted versus C T . All 
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ihc amplification plot crowed the thrctfhald'ivcla 
fined as C,. C r is reported us the cycle number n\ 
this point. Ak will be demonstrated, the G, .value 
Is picdioJve of ihc quantity of input target. 

Cr Values Provide a Quantitative Measurement* of 
Input Target Sequences 

Plgurc IB shows amplification ploU ofl^dtffc*. 
enl PCR Amplifications overlaid, The amplify 
tions were performed on a 1:2 serial dilution *R 
human genomic J)NA. The amplified targel vwu 
human p actin. The amplification plots shift to 
the right (to higher threshold cycles) ns the input 
targot quantity te reduced. 'Jhis is expected he- 
c!atiK« nutitrtorifi with fewer starting ropicw of the 
target molecule. require greater amplification to 
degrade enough probe to attain the threshold 
fluorescence, An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine the G r values. Figure 1C represents the 
C,. values plotted versus ihe sample dilution 
value, Each dilution was amplified in triplicate 
l j r*R amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C r values decrease linearly wjfb increas- 
ing target quantity, Thus, C r values can be used 
as a quantitative measurement of the input target 
number. It should be noted that the amplifica- 
tion plot for the 15.6'iig sample shown In Figure 
IB does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15,6-ng sample also achieve* cndpolnt pla- 
teau at a lower fluorescent value than would he 
expected based on the input DNA. This phcfioiri* 
cnon has been observed occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that tin- flattened slope and early plateau do not 
impact significantly the calculated O, value as 
demonstrated by the fit on the line shown >n 
Figure 1G All triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a > 1 00,000-fold range of Input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range. ol lluorcsccm in- 
tensity measurement of the Alii Prism 7700 Se- 

90 KM 



merits over n very large r^nj»<« nf rM^tivo ciantnp, 
target quantities. 

Sample Preparation Validation 

Several parameters influence the eflletenry nf 
PGR amplification: magnesium and salt concen- 
trations, reaction conditions (i.e., time and ic.m- 
peruture), 1»CH target size and composition, 
primer sequences, and sample purity. All of the 
above (actors are common to a single PGR assay, 
except sample to sample purity, in an effort to 
validate the. method of sample preparation for 
the factor Vlil assay, PGR amplification reproduc- 
ibility and efficiency oi 10 replicate sample 
pn'i unit ions were examined. After genomic DNA 
was prepared from file 10 replicate samples, the 
DNA was qunnilialed hy ultraviolet spectroscopy, 
Amplifications were performed analyzing p-aciln 
gene, content In 100 and 25 n^ of total genomic 
DNA. Each J'GK amplification was performed in 
triplicate. Comparison of C, values for each trip- 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(t abic 1). Inereforc, each ol the triplicate PCK 
amplifications was highly reproducible, demon- 
strating that real time. PCR using this instwmcn- 
tntion introduces minimal variation into the 
quantitative PCR analysis. Comparison of trie 
mean C n values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for f-t-acUn gene quantity, The highest C T 
difference between any of the samples was 0.85 
and 0.73 for the 100 and 25 n« samples, respec- 
tively. Additionally, the. amplification of cadi 
sample, exhibited an equivalent rate of fluoro 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from (he sample dilutions (Pig. 2). 
Any sample containing an excess of a l'Ck inhibi- 
tor would exhibit a greater measured (3-actln C r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diJuted along with the 
sample in the dilution analysis (H^, 2), altering 
the expected C r value change. Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible, with regard to 
sample purity. 

Quantitative Analvsis of a Plasmid After 
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Re prod 


ucfbSUty of Sample 


Preparation Method 








* 


100 ng 








25 ng 





Samplo 






standard 








standard 


■ 


no. 






deviation 


CM 
*- v 




mean 


deviation 


cv 


I 


18,24 








20.46 










18,23 








20.S5 










1&.33 


10.27 


0.06 


0.32 


20.5 


20,51 


0.03 


0.17 


2 


18.33 








20.61 






1835 








20.59 










18,44 


18.17 


0.06 


0,37 


70.41 




0.11 


0.54 


3 


18,3 








20.54 






18,3 








20.6 










18,42 


18.34 


0.07 


0.36 


20.49 


20.54 


0.06 


0.28 


4 


18.15 








20.46 






18.23 








20.44 










18.32 


18.23 


0.08 


0.46 


20.38 


20.43 


0.05 


0.26 


5 


18.4 








20.68 








18.38 








20.87 










18.46 


1B.42 


0.04 


0,23 


20,63 


20.73 


0.13 


0.61 


6 


18.54 








21.09 






18.67 








21,04 










19 


18.74 


0.21 


1.26 


21.04 


21.06 


0.03 


0.15 


7 


18.2B 








20.67 






18.36 








20,73 








8 


18.52 


18.39 


0.12 


0.66 


20.65 


20.68 


0.04 


0.2 


18.45 








20.98 








18.7 








20.84 










18.73 


18.63 


0.16 


0.83 


20.75 


20.86 


0.12 


0.57 


9 


18.18 








20.46 






18.34 








20.54 








10 


16.26 


18.29 


0.1 


0,55 


20.48 


20.51 


0.07 


0.32 • 


18.42 








20.79 








18.5? 








20.78 










1 8.66 


18.55 


0.12 


0.65 


20.62 


20.73 


0.1 


0.16 


Mean 


(1 10) 


18.12 


0.17 


0,90 




20.66 


0.19 


0.94 



iH'twtimi any iwo sample* moans was 0.95 C... Ten 
nanograms of total UNA of each sample were also 
examined for p-actJn. The results again slumcd 
that very similar amounts of genomic 1>NA were 
present; the maximum mean p actin C { value 
difference wa.* 1 .0. As Figure 3 shows, the rate of 
fj-aetln C r change between the j00 and 10-ng 
sample* was simitar (slope values rang« hurwoon 
3.56 and -3.45), This verifies again thnHhcs 
method of sample preparation yields samples of 
identical PCR integrity (i.e., no sample con! a mod 
an excessive ainounl of a PCR Inhibitor). How- 
ever, these results indicate that each sample con 
tatned slight differences in the actual amount of 
geiiumlc I>NA analysed. Determination of actual 
uunujiuc ON A concentration was accomplished 
lOVGl Z0S6 09L 6*6 YVd 00:ST Z00Z/S0/ZT 



tor containing a partial cDNA for human factor 
vnr, pi-8TM. A series of transections was sot 
up using a decreasing amount of the plasinid *<40, 
4, 0.5, and 0.1 p,g). 1\vi-.niy-rour hours post- 
trmnfeciion. total DNA was purified frtim each 
flask ufvclb. p-Acliu gene. quantity was chosen as 
a value for normalifcat iwn or get lumfc ONA con- 
centration from each sample, hi this experiment, 
p-actin gene content should remain constant 
relative to roral genomic DNA. Figure 3 shows the 
result of the p-actin DNA measurement (100 ng 
total DNA determined hy ultraviolet spectros- 
copy) of each sample. Kach sample was analyzed 
in triplicate and the mean |i-actin Or values of 
the triplicates were plotted (error bars represent 
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Figure 2 Sample preparation purity. 1 he replicate 
iamples Jhown In Table 7 wore also amplified In 
tripicate vising 2S ng of each ONA sample. The fig> 
uie shows die input DNA concentration (100 and 
25 ng) vs. C, In ihe tinnr*, ihp lOO and 7.1 ng 
points for «ach sample are connected by a line. 



by plotting the mean £ -act in C, value obtained 
for each 100 ng sainplv on a ft-aciln standard 
i.iuve (shown in Pig. 40). The actual genomic 
ONA concent r;iU<»» of each sum pic, a, was ob 
talncd by extrapolation to th« X-axis, 

Figure 4 A shows the moas urod (l-ti- f turn- 
normalised) quantitSe* ut factor V1JJ plnairnd 
DNA (pWM ) from each of the four transient cell 
trai infections.. Each reaction contained J 00 of 
total sample DNA (as determined by UV spectros- 
copy). Vuxch sample was analyzed in triplicate 



2S 



,> 94. 



21 



20 



0.8 




23 



IA UJ 1.6 

log (ng input ONA) 

Figure $ Analysis uf Uansfectcd cdl DNA quantity 
and purity. I lie DNA preparations of the four 293 
cell transfefctions (40, 4, 0.5, and 0.1 ng of pFSTM) 
were analysed for the 0-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate, For each 
amount of pF8Trv1 that was transfected, the fi-aciln 
C T values are plotted versus the total input DNA 
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PGU amplifications. As shown, pI8TM purified 
.fioic Jbc cells decreases (mean C, values in- 
eren.sej with decreasing amounts of pi a/cm id 
aruitsn'Ucd. The mean C 4 values obtained for 
pFBTM inTlgufC 4A were plotted on a standard 
turvc comprised uf set tally diluted pFHTM, 
shown .in figure 4R. The quantity oJ phXI'M, h, 
found in each of the four transections was de- 
termined by extrapolation to the x uxh of the 
standard curve In l^ure 411. Thcac uncorrected 
values, b, for pl«KTM were lloninrilAid to deter- 
mine the actual amount of pJ'STM found per 100 
riK of genomic DNA by using the equation:. 

h x 10 0 ti» _ acuial pIBTM copies per 
( l T 100 ng of genomic DNA 

where a - actual genomic DNA in u sample and 
K pFHTM copies from the standard curve. The 
normalised quantity of pI'STM per 100 ng of ge- 
nomic ONA for each of the four trans feci ions Is 
shown hi Figure 4JJ. 'Hiese results show Uiai the 
quantity of factor Vlll plasiulU assovJuted wiili 
the 2*3 cells, 21 hr after i run steel ion, di:i.iiuisc.v 
with decreasing ptasmul uJut.uiUiaUoij u.scd in 
the transection. The quatitity of pi'B'JM associ- 
ated with 293 cells, after trunsfectlon with 40 ixg 
of pi asm id, was 35 pg per 100 ng genomic UNA. 
Tills results in -520 piasuiid copies per cell. 



DISCUSSION 

We have described a new method for <juanlitnt- 
ing gene copy numbers using reAl*tlmc imulysis 
of PCJR amplifications. ReaMlmc PCK is compat- 
ible with either of the two FCK (KT-PCR) ap- 
proache*: (1) quantitative competitive where an 
Internal competitor for each target sequence is 
used for norroalixQtlon (data not shown) or (2) 
quantitative comparative PCK using a uomialUcv 
tloii gene contained within the sample (i.e., p-ac- 
tin) or a ''housttkeeping" gene for RT-PGK. If 
equal amounts of nucleic add are analyzed for 
each sample and if the amplification efficiency 
before quantitative analysb o identical for each 
sampie, the Internal control (nuimali^Jtion gene 
or competitcjr) Should give equal signals for aIJ 
samples. 

The real-time PCK method <jffers several ad- 
vantages over tlic other two methods currently 
employed (see the Introduction). First, the real- 
time PGR method is perforated in a closed-tube 
system and requires no post-PCR manipulation 
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Figure 4 Quantitative AnolyKi* of pF8TM in transfccted cell*. (,4) Amount of 
plasmid DN/Vuscd for (he trunsfection plotted against the mean C, value deter- 
™ror d for P r *™ rcmalniny h r alter transfcctlon. (0,Q Standard curves of 
pf-RlM and 0-actlri, respectively. pnjTM DNA (0) and genomic t>NA (Q were 
diluted ftfirtelly 1:5 befor* amplification with the appropriate primer*. The p-actin 
standard curve wav usod to normali>c the results of /I to TOO rig of genomic DNA. 
(0) Tho amount of pF8TM present pc:r 100 »g of genomic DNA. 



of sample. Therefore, the potential for PGK con- 
ta ml notion in the laboratory is reduced because 
amplified products can be analysed and disponed 
of without opening the reaction tubes. Second, 
this method suppoil^ the u.se of a normalisation 
gene (Lc., p-flctin) for quantitative. PGR or house- 
keeping genes for quantitative RT-l'CU controls. 
Analysis is performed in real time during the Jog 
phase of product accumulation. Analysis during 
K»k phase permits many different genes (over a 
wide input target range) to be analy/cd simulta- 
neously, without concern of reaching reaction 
plateau at different Cycles This will make iiiulll- 
gene analysis assays much caalci lu develop, be- 
cause individual internal umtpcllUus will mil be 
needed for each gene under analysis- Third, 
Minplc throughput will huicase dianudiialty 
with the new method because there is no post* 
PCI* processing time. Addition* lly, winking In a 
D67wc.ll format Is highly compatible with auto* 
mation technology. 

The real-time PCR method is highly repro- 
ducible. Replicate, amplifications can be analyzed 



for each sample minimizing potential error. The. 
systttm allows for a very large assay dynamic: 
range (approaching 1,000,000 -fold starting Uu- 
get). Using a standard curve for the. target oJ in- 
terest, relative copy number values can be deter- 
mined for any unknown *a7iipk\ fluorescent 
threshold Vfllucs, C r , cojieJair. linearly with rela- 
tive DNA copy numbers. Keal time quantitative 
HT-rCK methodology (Gibson el aL, this I«ua) 
has also been developed, finally, real Lime quan- 
titative VCll methodology can be used lu develop 
high-throughput screening assay* for a variety of 
applications [quantitative gene c*t>ieaMuii (RT- 
PCfc), Rene copy assay* <llcr2 r HIV, etc.), gcm> 
typing (knockout mouse analysis), and Inimuiin- 
PCHJ. 

Real-time P0U may al.w l>e performed using 
intercalating dyes (Higuchi el ah such as 

eiJUdiurn bromide. The fluorogenic probe 
method offers a major advantage over inter- 
calating dyes- greater specificity (i.e., prinier 
dimvrs and nonspecific POR products are not de- 
tected). 
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METHODS 

Generation of <t Piasmid Containing a Partial 
cDNA for Human Factor YUI 

Total KNA w«o harvested (UNA*** « (mm Tel Ten, Inc., 
rm*ndiwood, TX) from ce!1> imnsfected wHH a factor VIII 
expression vector, pC:iSZ.tk«2£U (Kaum el id. WH6; Gor. 
man c.t al. 1990). A factor VIII partial d iNA sequence WAS 
nrtmmUii by irr PC:it {< ion* Amp |<Z iTth ItNA 1»C11 Kit 

(pan NttOrwn /s, rb Applied biosystcim, rostei cJity, e;A)j 

using the WIU primers FHfor unci Ifflrev (prim«-r ^qncilCr* 

are shown below), *ttie amplicou was rcampIiftVd using 
modified Kflfor and Wrcv primer j (»p|xiulvd with Aawlll 
and J/wcJIlI restriction site sequences «t (lit- V «»dj and 
clonal Into ptiKM- 3Z (Prornt^u Corp.. Madison, Wt>- The 
resulting clone, pPSTM, was used lor transient transfectlon 
of %<n cell*. 



Amplification of Target DNA ami Puiecilon of 
Amplicon Factor VIU Plasmid DNA 

(pWJ'M) was amplified with the |fiimt-ii VHUa $'-<:<;<:- 

<iT<i<:<;AAC>Au:itMi;uicnv,.3' and wrcv 5'-AAA<:<rr- 

<^OC;cnOGAJXi(i rACJG-aM1i*;rv«vllu!i produced* 
np pc:k product. The forward primer was designed to icv 
ogntov a unique seipieuic found Jo I lie 5* untranslated 
region iff die patent pClaZ,&.25)> pldsnud mid therefore 
does nut ievwK"Ue. and amplify the human factor VIII 
gene. I'rimor* wore- chosen with the xvsistamf of I he 4xmt. 
puicr program Oliga 1,0 (National Uiuscionces, Inc., Ply- 
mouth, MN). The human p-actin giw whs Amplified vellh 
Die prima* p-ti«-tifi ftifWArd prhncr ^' TCACCV.iAc:A<rr<:r 
GCCCATcTrAC"X"JA-3' and p-actuj reverse p#imer .V-CAfi. 

CGGAACc:0(rr<:A'n(iC:c^A'rCG-3'. The reaction pro- 
duced a 295- hp rc:u product. 

Amplification reactions (SO u,l) contained a DNA 
sample, )0x PCtt Huffe.r II (& p.1), 200 dAlT, dClT, 
dGTP, and 400 p,M rfUTI\ A mxt MgC\ 7t Unlis AmpJI 
7W<; DNA polymerase, 0.5 unit AmpKntsc uracil N-jjiy» 

cnsyluw (UNO), AO pmolc of each faeloi VIU prlmei, und 15 
pnintt* i>f uueJi H diet In p< liner. '11 w leaellom. aUo contained 
one Of the following detection prnlte* (WJO nu rndt): 

Pttjift.be A'(rAW)Ac:crj i crrc:c^<^ri , Cicrn , (yrrr<:rcjT- 

GCOTT(TAMRA)p 3' mid p-actin probe 5' (FAM)ATCf.XX:- 
XCrAMKA)CCCCCATCCCATCp-3 l where p indicates 
plin^phnrylntion nnd X hidicotcs a linker arm nucleotide. 
RcacUon IuIk*» wrn- MtcmAmp Optical Tubes (part num- 
Un-MKOI oo.l.l, Pcrkin iUniur) that «vere frosted (at JVrfcfn 
Elmer) to pr^-v<-i»i light /mm reflecting, ')\ihc cop* were 
similar m MieroAmp c;n|>s hut specially designed to pre- 
vent light stuttering. All <A th<« IHStt i^niftiiinal>U>* were suf»- 
1>y P1J Applied Moiytitiw {\\»ivr CMy, CX) except 
the factor Vltl prhutrra, which wne xyntheslKcd at Cencn 
tech, Inc. (South ft<«i PrunclscOj CA). Prohvs wi-w dc*sl^nt-<l 
using the Olifio 4.0 .v>ftWQrc, following guidelines 
^csien in mc Model 7700 .sequence Pcieclnr hiMtiuuienl 
manual, hrlcfly, probe T m slmutd be ni leost 5 U C higher 
man the annculluK leni|^ei<tlu«: u.ied durlu;; Ihrrmul cy- 
rhug; primers sho\ild not foim M<iIj!v duplexed with the 
probe. 

The therm*) «*ycllng cuttdiHonA Included 2 nidi at 
50"X'; and 10 ruin at 95"C. Thexmal cycling procer<k*d with 
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reactioiu; were |>cjformed hi I ho Model 7700 Sequence He- 
U-*i<»r (PE AppHed luusyslvuit.), uthich cunulnv .* (Jctw- 
Amp 1»<*:U Sy&tum VWQ. Ulsactlon condition^ w<Tf pin- 
ftruiiuucU on a l*4»wor Madnt»«h V100 (Apple Q.«nputPr, 
.noma Clartf, CV\) linked directly io the Model '/?0u Sr- 
quci iev iKuector. Aft»1y«U of data w** ail^t j««rf/»rmed on 
the Mm-lntosh computer. Ctntlaetton and HnalycJc cnflwarc 
wiijj develojK»d xt PK Applied Blosyslums. 

Tramfection of Cells with Factor VIII Coiutrucl 

Pour Tm flasks or 293 cells (ATCC CJXL. W'M, a human 
fetol kktney »ue:pen«ion cell line, were grown to AOfKi.con- 
Itucney aftwl transected plWM. Cells were grown in the 
following tncdloi £0% HAM'S m without OUT, J0% U»m 
glucose nuIl>e(XN>'3 itiodlflcd KaxJc medium (DMliM) wlUi- 
out glycfne wiUi sodium biCitTbtinate, 10% letal lN»vinc 
seruin, 2 him L-^luUininc, and 1% pcnicilliit-slffptomy- 

tin, 'Inc media was eJianfjcd 30 mln l>ef^«. the Iranafec 
lion, plOTM DKA amounts of -40, 4, OS, and 0.1 w were 
iidded to l.A ml of a solution containing 0.125 m Cud*- 
and 1 x IH^liS. The four mixtures were left al room tern- 
ptsrvturv. r<« HI mln and then added dntpwtsc to the cellar, 
'lire fl»»k> wvtc.Sriuiljalcd al 37°C and f,% Cl\ for 24 hr, 
washed with PlUs and ro^u^pended In PUS. The rexiiH 
jn-nilcd ccllu were divided utto alitpiots and DNA wa« cv- 
tmctrd Immediately using IhvQJAump Kiot«l Kit (Qlagen. 
Ch«i^m>rth # <.H). ON A w<is eJwled Into 200 uf 20 n«u 
IVIs-UCl at pi I H.0, 
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methods. Peptides AENKor AEQKwere dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T-cell- proliferation assays were 
done essentially as described 2 "'. Briefly, after antigen pulsing (30u.gml -1 
TTCF) with tetrapeptides (l-2mgmr l ), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 u.Ci of J H -thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u.g^TTCF with 0.25 u.g 
pig kidney legumain in 500 u.1 50 mM citrate buffer, pH 5.5, for I h at 37 °C 
Glycopeptide digestions. The peptides HIDNEEDI, HIDN(N-gluco&mine) 
EEDl and H1DNESD1, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography". Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N- terminal sequencing. The iyophilized transferrin - 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mUmf 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of IOmgrnP 1 o> 
cyanocinnamicacid in 50% acetonitrile/0.l% TFAand a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells'. Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cy to toxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human <olon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6,7 , Apo3 L/TWEAK 8 * 9 , or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b). and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR I. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 itgrnl" 1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osieoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the /V-linked glycosylation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of pofy(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL. peripheral blood 
lymphocyte. 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes U4 ~ , \ Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at —lu-gml" 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks Fas L-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune -cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 2 Interaction of DcR3 with FasL a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area). TNFR1-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE. phycoeryth re- 
labelled cells, b. 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFRi. DcR3 or Fas. 
c. Purified soluble FasL (sFasL) was immunoprecipitated with TNFR i -Fc. DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-Fas L antibody. sFasL was 
loaded directly for comparison in the right-hand lane. d. Flag -tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e. Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction -(PCR)' 8 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 1 5 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 18xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3-Iinked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 219 . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Rag-tagged soluble FasL (sFasL. 5ngmr') oligomerized 
with anti-Flag antibody (0.1 u,g ml -1 ) in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flag plus anti-Flag antibody 
as in a, in presence of 1 u.g ml"' OcR3-Fc {filled circles). Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c, Peripheral blood T cells were stimulated with PHA and interleukin-2. 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl. Fas-Fc, or OcR3-Fc ( 10 u,g ml' 1 ). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e m. of results from 
five donors), d, Peripheral blood natural killer cells were incubated with 51 re- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles). Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 5, Cr (mean ± s.d. for two donors, each in triplicate). 



Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d. f. g, h, j, k, r), seven squamous-cell carcinomas (a, e, 
m, n. o, p, q), one non-small-cell carcinoma (b), one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c, In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d, Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3-linked marker Tl60. and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's Hest 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis - 
inducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane -associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. Q 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PGR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins {immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFRl, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 u,g), together with pRK5 encoding CrrnA 
(2 fig) to prevent cell death. After 16 h, the cells were . incubated with 
biotinylated DcR3-Fc or TNFRl -Fc and then with phycoerythrin-conjugated 
strep tavidiri (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolicaliy labelled with [ 3S S]cysteine and ( 3S S] methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (l0p.M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl -Fc 
(5 u.g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 u,g) (Alexis) was incubated 
with each Fc-fusion protein (1 u.g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25u.g) was 
incubated with buffer or with DcR3-Fc (40 u.g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 u.1 aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated a nti- Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag- tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgG 1 before addition of Flag- 
tagged soluble FasL plus DcR3- Fc. 

T-cell A1CO. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 \s.% ml" 1 ) for 24 h, and cultured 
in the presence of intcrleukin-2 ( 100 U ml' 1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later by FACS analysis of annexin-V-binding of CD4* cells". 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with s, Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of 51 Cr in effector- target co- 
cultures relative to release of 5I Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by f. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument (ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5 ' - ( FAM -ACACG ATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 (ACT) , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous E coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or mult id rug- resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 - In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane -bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide, chain. The 
periplasmic histidine permease of S. typhimurium and E. co/i ,J_fl is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 8 , and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 5 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded (3- 
sheet (p3 and P8-p 12) spans both arms of the L, with a domain of a 
a- plus P-type structure (pi, P2, P4-P7, al and a2) on one side 
(within arm I) and a domain of mostly a-helices (a3^a9) on the 




Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A, comparable to that of membrane. a-Helices 
are shown in orange and f3-sheets in green, b. View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I. as shown in a. towards arm II, showing the ATP-binding 
pocket, a-c. The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 23 . N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative poiymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccnd7 and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. J. 
Cancer 78:661*666, 1998. 
© 1998 miey-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et at., 1 994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gcne(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ (Hql3), ander6B2 (17qI2-q21) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Bems et ai, 1992; 
Schuuring et at, 1992; 9tamon et ai, 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et ai (1987) between 
erbBl amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
pg/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve- is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
al, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al. (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (Le., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real -time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al.. 1994): fi) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why Q is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (in) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PC R 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and er6B2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southem-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring Q and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e.; lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et ai, 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N M , and is determined as follows: 

copy number of target gene (app, myc, ccndl. erbB2) 

N = — . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real -time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 FiR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 5 copies of each gene) to 
10~ 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 ng). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan bufTer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 mi n at 
50°C and 10 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

AH reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbB2 proto-oncogenes, 
and the p-amyloid precursor protein gene (app\ which maps to a 
chromosome region (21q2l.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene {alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 3 copies or as 
many as 10 5 copies. 

Copy-number ratio of the 2 reference genes (app and alty 

The app to alb copy-number ratio was determined in 18 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions {app. 2lq21.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et ai, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and. app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccnd 1 and erb£2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc. 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean 0.9 1 ±0.19) for erbm. Since N values 
for myc, ccndl and erb&l in normal leukocyte DNA consistently 
fell between 0.5 and 1 .6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and crbB2 gene dose in breast-tumor DNA 

myc, ccndl and erbB2 gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erb&2 (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for er£B2, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (TI18). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbB2 in I case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbB2 copy number (N < 0.5), suggesting that they bore deletions 
of the I7q21 region (the site of erbB2). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbB2 amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N > 5). However, there were cases (I myc, 6 ccndl and 4 erbB2) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc 
ccndl AND cr6B2 GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 


£5 


myc 

ccndl 

erbBl 


0 
0 

5 (4.6%) 


97(89.8%) 11 (10.2%) 
83(76.9%) 17(15.7%) 
87(80.6%) 8(7.4%) 


0 

8(7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, wc validated a PCR method developed for the 
quantification of gene over-representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et ai, 1994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et ai, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on Q values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
C, ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
em blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et ai. 
1996; Slamon et al, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature, (i) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et ai, 1994). (//) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Berns et ai, 1992; Borg et ai, 1992). (///) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbB2 amplifica- 
tion, confirming the findings of Borg et ai (1992) and Courjal et al. 
(1997). (iv) The maxima of ccndl and erbB2 over-representation 
were 1 8- fold and 1 5-fold, also in keeping with earlier results (about 
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25.2 
25.6 



10092 
7762 



Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 1 8 (E 1 2, C6, black squares), Tl 33 (G 1 1 , B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment Triplicate plots were performed for each tumor sample, but the data for'only one are shown here. The results are shown in Table II. 



30-fold maximum) (Bernse/ a/., 1992; Borgera/., 1 992; Courjal et 
al, 1997). (v) The erbB2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An etai, 1995; Deng et aL, 1996;Valeron 



et aL. 1996). Our results also correlate well with those recently 
published by Gelmini etai (1997), who used the TaqMan system to 
measure erbB2 amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
. FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




UccndUalb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









l For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Hccndllalb) is determined by dividing the average ccndl 
copy n amber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-foldj. The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real -time 
quantitative PCR as compared with Southern-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysemy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et ai, 1992; 
Slamon e/ a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erb&l (but not of the other 2 proto- 
oncogenes) in several tumors; erbB2 is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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Abstract: Epithelial tumors develop through a multistep process driven by 
genomic instability frequently associated with etiologic agents such as pro- 
longed tobacco smoke exposure or human papilloma virus (HPV) infection. 
Hie purpose of the studies reported here was to examine the nature of genomic 
instability in epithelial tissues at cancer risk in order to identify tissue genetic 
biomarkers that might be used to assess an individual's cancer risk and 
response to chemopreventive intervention. As part of several chemoprevention 
trials, biopsies were obtained from risk tissues (i.e., bronchial biopsies from 
chronic smokers, oral or laryngeal biopsies from individuals with premalig- 
nancy) and examined for chromosome instability using in situ hybridization. 
Nearly ail biopsy specimens show evidence for chromosome instability 
tnroug&out tne exposed tissue, increased chromosome instability was observed 
with histologic progression in the normal to tumor transition of head and neck 
squamous cell carcinomas. Chromosome instability was also seen in premalig- 
nant head and neck lesions, and high levels were associated with subsequent 
tumor development In bronchial biopsies of current smokers, the level of 
ongoing chromosome instability correlated with smoking intensity (e.g., 
packs/day), whereas the chromosome index (average number of chromosome 
copies per ceil) correlated with cumulative tobacco exposure (i.e., pack-years). 
Spatial chromosome analyses of the epithelium demonstrated multifocal clonal 
outgrowths* In former smokers, random chromosome instability was reduced; 
however, clonal populations appeared to persist for many years, perhaps 
accounting for continued lung cancer risk following smoking cessation. 

Keywords: chromosome instability; epithelial cells; aerodigestive tract; 
chemoprevention; cancer risk 



THE NEED FOR BIOMARKERS OF CANCER RISK AND 
RESPONSE TO INTERVENTION 

Epithelial cancers remain a major health challenge in the world. Despite improve- 
ments in staging and the application and integration of surgery, radiotherapy, and 
chemotherapy, the 5-year survival rate for individuals with lung cancer is only about 
15%. 1 Even if strategies for early detection are successful and lung cancers 
are detected at a stage where local tumor resection and treatment is curative, 
these patients will still be at significant risk for developing second primary tumors 
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associated with the problem of field cancerization. 2 Similarly, for individuals with a 
first head and neck primary tumor, even if the first malignancy is successfully treat- 
ed, the risk of developing a second primary in the tobacco smoke-exposed field is 
approximately 40%. 3 Similar cancer risk estimates exist for individuals who exhibit 
severe dysplasia in pfemalignant epithelial lesions. 4 For these reasons, it is important 
to focus on chemopreventive strategies to prevent the development of epithelial 
malignancies. 

Several problems confront chemoprevention trials designed to identify effica- 
cious agents. 5 First, chemoprevention trials with cancer incidence as a primary end- 
point require tens of thousands of subjects and tens of years of intervention and 
follow-up for statistical evaluation. For example, a recently reported trial involved 
30,000 subjects and required 10 years in order to examine the impact of prevention 
strategies on lung cancer development, only to find a possible increased lung cancer 
incidence in current smokers who received JJ-carotene. 6 

The problem of large, long-term trials results from the difficulty in identifying 
individuals at highest cancer risk who might best benefit from chemopreventive 
intervention. For example, 20 pack-year smokers, while known to be at relatively 
increased risk for developing lung cancer, have approximately a 10% lifetime risk 
for developing lung cancer. 7 This seriously limits die number of potentially useful 
-strategies that can he clinically explored, A second problem facing chemoprevention 
trials is that little is known about what agents are likely to have efficacy, and even 
less is known regarding proper doses, schedules, and durations of treatment. Part of 
the reason for this problem is that too litde is known about the physiologic processes 
that drive epithelial cancer development. 

In order to reduce the number of subjects and the time required to carry out 
chemoprevention trials and thus allow the exploration of multiple prevention strate- 
gies, two types of advances are necessary. First, it is important to identify individuals 
at significantly increased cancer risk who might best benefit from different types of 
intervention. Second, in order to allow the rapid identification of agents, doses, and 
schedules of potentially efficacious agents, it is necessary to identify and validate 
surrogate endpoints of response that indicate whether the agents are having a posi- 
tive impact on the target tissue during the chemopreventive intervention. 

One approach to identifying individuals at increased aerodigestive tract cancer 
risk is to explore epidemiologic features of potential subjects. Molecular epidemio- 
logic studies are beginning to identify intrinsic host factors that place some individ- 
uals at increased cancer risk, especially those with a chronic smoking history. 8 Most 
intrinsic factors identified thus far reflect levels of carcinogen metabolism, repair 
capabilities of the host following DNA damage, and other measures of intrinsic 
cellular sensitivity to mutagens. While these factors can provide statistically signif- 
icant risk ratios in case-control studies that are controlled for tobacco exposure, the 
detected risk ratios usually fall in the range of 1.5 to 10. Unfortunately, this is not 
sufficient for the individualization of treatment and is not sufficiently high to signif- 
icantly reduce the numbers of subjects required for chemoprevention trials with 
cancer incidence as the primary endpoint. 

Another approach to identifying individuals at increased cancer risk is to directly 
examine the target tissue of individuals with known carcinogen exposure (e.g., 
chronic tobacco smoke exposure), who have evidence of target organ dysfunction 
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(e.g., chronic obstructive pulmonary disease, changes in voice quality), or who 
have clinical evidence of premalignancy (e.g., bronchial metaplasia/dysplasia, oral 
leukoplakia/erythroplakia, cervical intraepithelial neoplasia). Hie conventional 
standard for assessing cancer risk in these situations is the degree of histological 
change. However, while individuals who show moderate to severe dysplasia are 
known to be at increased cancer risk when compared to individuals with lesser his- 
tologic changes, it is often difficult to distinguish reactive changes to carcinogenic 
insult from initiated and progressing lesions. Similarly, upon cessation of carcino- 
genic insult, histologic changes may reverse yet cancer risk may continue for many 
years. For example, while smoking cessation is associated with decreased bronchial 
metaplasia; 9 increased lung cancer risk continues for many years beyond smoking 
cessation. 10 In fact, nearly half the newly diagnosed lung cancer cases in the USA 
occur in former smokers. 11 

Hie development of assays to identify individuals at high epithelial cancer risk 
and to directly assess response to intervention in the target tissue is therefore an 
important research goal. Such assays should be objective and easily quantifiable and, 
if possible/minimally invasive. Moreover, they should reflect both the disease pro- 
cess and the targeted pathway and thereby be useful in assessing risk and monitoring 
response to intervention as well as directly testing the hypothesized mechanism of 
- action of the chemopreventive st rategy. 

In the chemoprevention setting it is important to recognize that one does not 
know the location of the future cancer. Thus, assays must necessarily be carried out 
on random biopsies of the field at risk. Even if there are clinically evident premalig- 
nant lesions, this does not mean that this is the likely site for a future malignancy. 
For example, nearly half of the cancers that develop in individuals with oral leuko- 
plakia arise away from the original index lesion. Similarly, since many newly diag- 
nosed lung cancers arise in the peripheral parts of the lung (e.g., adenocarcinomas), 
especially in former smokers, and since endobronchoscopy predominantly accesses 
central components of the lung, it is important to identify biomarkers that can reflect 
global processes ongoing in the target epithelial field associated with increased can- 
cer risk. Their discovery requires a better understanding of the tumorigenesis pro- 
cess in epithelial fields at cancer risk. 



THE RATIONALE FOR STUDYING 
GENOMIC INSTABILITY AS A MARKER OF RISK 

Tumors of the aerodigestive tract have been proposed to reflect a "field canceriza- 
tion" process whereby the whole tissue is exposed to carcinogenic insult (e.g., tob- 
acco smoke) and is at increased risk for multistep tumor development 12,13 Several 
types of clinical and laboratory data support this notion, including the frequent 
occurrence of synchronous primary and subsequent second primary tumors in the 
aerodigestive tract (frequently exhibiting dissimilar histologies as well as distinct 
genetic signatures 14 " 16 ) and the presence of premalignant lesions that precede and/or 
accompany the tumor in the exposed tissue field. 17 The notion of a multistep tumor- 
igenesis process is further supported by serial clinical and histologic evaluations of 
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target tissue or exfoliated cells where increasing degrees of histological abnormali- 
ties are observed over time. 18 

A working model for aerodigestive tract tumorigenesis is illustrated in Figurb 1. 
Tumorigenesis in the face of carcinogenic exposure likely involves a chronic process 
of tissue injury and wound healing. DNA damage induced by the carcinogen is likely 
fixed into permanent genetic changes (e.g., chromosome damage, chromosome non- 
disjunction, gene mutation, gene deletion, etc.) during the process of proliferation. 
This damage would be expected to be distributed throughout the exposed tissue field 
leading to a background of generalized genomic damage (depicted in Figure 1 as a 
background mat of increasing density). Chronic injury and repair likely leads to the 
accumulation of cells with increasing amounts of genetic changes as well as the out- 
growth of abnormal clones (triangles in Figure 1) carrying an accumulation of 
genetic changes important for selective survival, dysregulated growth, and preferen- 
tial epithelial take-over by initiated clones (see Figure 2). 

Cellular and molecular evidence for the field carcinogenesis and multistep tum- 
origenesis model comes from many laboratories. 19,20 With the advent of a wide array 
of molecular technologies, a large number of specific molecular genetic and epige- 
netic changes involving specific oncogenes, tumor suppressor genes, cell regulatory 
genes, and repair genes have now been described for aerodigestive tract cancers. The 
identification of these specific molecular ch anges have now provided probes to 
explore specific events occurring in premalignant lesions adjacent to aerodigestive 
tract tumors. 21-24 Frequently, these premalignant lesions snowed a subset of the 
same molecular changes found in the associated tumor, suggesting that these lesions 
might represent precursor lesions for the associated tumors (i.e., a manifestation of 




PREtflAUGNANCY FIRST PRIMARY SECOND PRIMARY 

BRONCHIAL METAPLASIA TREATMENT 
CLONAL OUTGROWTH 
NEWCLONE$(p53) 



FIGURE 1. Field cancerization and multistep tumorigenesis. 
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FIGURE 2. Multiple focal clonal evolution during raultistep tumorigenesis. 



a multistep tumorigenesis process). For example, studies of the premalignant lesions 
adjacent to head and neck tumors have provided evidence for a gradual accumulation 
of genetic alterations accompanied by evidence for dysregulation of cellular control 
mechanisms (e.g., alterations in expression of PCNA, EGFR, TGF-p, p53, and 
cyclinDl). 25 - 28 

These types of studies have now also been applied to the target epithelium of indi- 
viduals at increased risk for aerodigestive tract cancer (i.e., individuals with a chron- 
ic smoking/alcohol history and/or prior aerodigestive tract cancer). Several groups 
(using polymerase chain reaction, PCR, analysis of microdissected epithelium) have 
now demonstrated the presence of clonal outgrowths in the target premalignant epi- 
thelium of individuals at increased risk for cancer. 29 "" 31 For example, examination of 
bronchia] biopsies derived from individuals with a 20 pack-year smoking history 
demonstrated that 76% of the cases showed evidence for LOH (3pl4, 9p21, or 
17pl3) in at least one of six lung biopsy sites. On a per site basis, some form of LOH 
was observed in 25% of the sites examined. 29 

If aerodigestive tract cancer development reflects a field cancerization process 
involving multistep events, then risk and response information should be able to be 
derived from random biopsies or exfoliated cells from the field at risk or from assess- 
ments of tissue undergoing similar processes. Hypothetically, lesions exhibiting the 
greatest degree of genomic instability, clonal outgrowth^ and abnormal epithelial 
regulation would be at the highest relative aerodigestive tract cancer risk. Similarly, 
an active chemopreventive intervention might be expected to decrease these mani- 
festations of risk. Reduced risk manifestations include decreased levels of ongoing 
genetic instability, decreased frequency of clonal outgrowths, arid increased epithe- 
lial growth regulation. 
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THE MEASUREMENT OF CHROMOSOME INSTABILITY USING 
CHROMOSOME IN SITU HYBRIDIZATION 

Molecular genetic techniques, while extremely useful for detecting clonal chang- 
es in targets tissues, are somewhat limited in their ability to detect random genetic 
instability. Conventional cytogenetic assays are useful for detecting chromosome 
instability and clonal chromosome changes. However, they require numbers of 
dividing cells for karyotypic analysis that are difficult to attain in the setting of biop- 
sies acquired during the course of a chemoprevention trial. A technique was there- 
fore needed that would allow chromosome instability measurements in situations 
where few cells are available (e.g. small biopsies, brushings, or sputum samples) and 
where the target material might be fixed. It was also desirable to have a technique 
that would be adaptable to tissue sections, whereby spatial information could be 
retained and genotype/phenotype associations could be determined on the same or 
adjacent tissue sections. The technique of in situ hybridization (ISH) involves the 
use of DNA probes that recognize either chromosome-specific repetitive target 
sequences, chromosome single gene copy sequences, or sequences along the whole 
chromosome length or chromosome segments. 32 We have adapted the ISH technique 
for formalin-fixed, paraffin-embedded tissue sections and have applied it to a variety 
of tissues, including the aerodigestive tract 33 * 34 

Using probes that label the centromere regions of specific chromosomes, this 
assay permits determination of the average chromosome number per cell for each 
specimen. This assay is also useful for detecting generalized chromosome instability 
during the tumorigenesis process. Normal diploid populations should have two cop- 
ies of each autosomal chromosome and should rarely show three or more chromo- 
some copies per cell (chromosome polysomy), especially in tissue sections where 
nuclear truncation results in an under-representation of chromosome copy number. 
Thus, the detection of cells with three or more chromosome copies would indicate 
the presence of chromosome instability. 

To examine this technique's potential for characterizing the multistep tumorigen- 
esis process in the aerodigestive tract, we measured the fraction of cells exhibiting 
three or more chromosome copies in apparently contiguous epithelial transitions 
from normal to hyperplastic to dysplastic to carcinomas, all on a single tissue slice 
of head and neck squamous cell carcinomas. 34 In these specimens, greater than 35% 
of the cases of adjacent "normal" epithelium, greater than 65% of the cases of hyper- 
plastic epithelium, and greater than 95% of the dysplastic and tumor regions showed 
evidence of chromosome polysomy. Of interest, similar transitions of chromosome 
instability were observed with at least four different chromosome probes. Similar 
trends have also been observed in amenable tissue from other epithelial malignan- 
cies, including cervix, bladder, and breast. 35 These results thus suggested that the 
notions of field cancerization and multistep tumorigenesis might apply to several 
epithelial tissues and that measures of chromosome instability might be useful for 
monitoring this process. 

In the situations described above, the premalignant lesions examined might be 
considered to represent epithelium at 100% risk of being in a cancer field, since they 
were located in the adjacent epithelium to the dancer. This then raises the question 
of the nature of genetic instability in the epithelium of individuals at increased risk 
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for developing cancer. To explore this issue, we obtained biopsies during the course 
of leukoplakia chemoprevention trials exploring the use of 13-cw-retinoic acid in 
reversing leukoplakia and probed them for genetic instability using in situ hybridiza- 
tion. In one retrospective study and in one prospective study of subjects with oral 
leukoplakia, the results indicate that those subjects whose pretreatment biopsies har- 
bor relatively high levels of genomic instability (i.e., more than 3% of the cells 
examined showing at least 3 chromosome 9 copies per cell) have a significantly 
higher likelihood of suffering early onset of head and neck cancer. 36,37 Interestingly, 
half of the tumors that did develop occurred away from the biopsy site used to mea- 
sure genetic instability. This result suggests that genomic instability measurements 
in carcinogen-exposed tissue can provide useful cancer risk estimates. 



THE RELATIONSHIP BETWEEN TOBACCO EXPOSURE AND 
CHROMOSOME INSTABILITY 

In recent years, the aerodigestive tract chemoprevention group at M.D. Anderson 
Cancer Center has initiated three sequential biomarker-associated chemoprevention 
trials involving chronic smokers with a greater than 20 pack-year smoking history. 
^each-ofUh^e^tudieSr^ndobronc^ 

within the lung, including the carina and at bifurcation points at the upper, middle, 
and lower right lung and at the upper and lower left iung. Biopsies were obtained pri- 
or to and following chemopreventive intervention and were subjected to in situ 
hybridization analysis in addition to analyses for other biomarkers. The first impor- 
tant finding was that some degree of chromosome polysomy was evident in all lung 
sites examined, and this was observed independently of the particular chromosome 
probe utilized. 38 This finding supports the notion that random chromosome changes 
may be occurring throughout the exposed lung field. 

In a second study, bronchial biopsies were obtained from individuals with a 20 
pack-year smoking history. In this study, most of the subjects involved were current 
smokers. 39 Interestingly, all cases who showed metaplasia at one of six biopsy sites 
also showed chromosome polysomy in at least one biopsy site; overall, 88% of the 
sites showed some evidence of chromosome 9 polysomy. 40 Evidence for genetic 
instability was also detected in patients who did not show evidence of bronchial 
metaplasia in any of six biopsy sites despite a strong smoking history. In fact, more 
than 90% of the cases and more than 60% of the sites showed significant chromo- 
some polysomy (i.e., at least three copies in at least 2 % of the cells examined). 
These results suggest that the lungs of long-term smokers show significant evidence 
of genetic instability, and this instability can be detected throughout the accessible 
bronchial tree, even when bronchial metaplasia is not evident. 

These studies in current smokers has allowed us to examine the relationship 
between the levels of genetic instability detected and subject characteristics such as 
smoking status (current or former), smoking history, and lung tissue pathologic 
changes. Evaluable biopsy material has now been obtained from more than 108 cur- 
rent smokers, including more than 480 evaluable biopsy sites. The mean metaplasia 
index in these current smokers was 30.4%. For the total population studied, the 
median chromosome index for the bronchial biopsies was 1.41 (range, 1.04-1.61) 
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and the median chromosome polysomy index was 2.0% (range 0-8.7%). This can be 
compared to a mean chromosome index between 1.2-1.4 for lymphocytes and very 
rare chromosome polysomy. Interestingly, the intrasubject variability in chromo- 
some instability was relatively low in most subjects and was less than the intersub- 
ject variability. These results suggested that chronic smokers harbor detectable 
chromosome instability throughout the accessible bronchial tree (supporting the 
field carcinogenesis notion) and that information from one biopsy site might yield 
representative information for the rest of the lung field. 

Since most of the current smokers exhibited bronchial metaplasia in at least one 
of the biopsied sites, this allowed us to examine the relationship between chromo- 
some instability and histologic changes, both on a site-by-site basis and on a per case 
basis. On a site-by-site basis, the chromosome indices of lesions showing squamous 
metaplasia were similar to those not showing metaplasia (i.e., median 1.43 vs. 1.43), 
and the degree of chromosome polysomy in metaplastic lesions were only slightly 
higher than in non-metaplastic sites (medians: 2.2% vs. 1.8%, respectively). Thus, 
the presence or absence of squamous metaplasia at a biopsy site does not necessarily 
correlate with the degree of underlying genomic instability. On the other hand, those 
subjects with metaplasia indices of at least 15% also showed higher levels of chro- 
mosome polysomy than did subjects with metaplasia index below 15% (medians: 
2.4% vs r 1,8%, p = Q.Q05), Thus, these chromosome instability assessments in cur- 
rent smokers appeared to reflect a more global process in the lung field. 

Tobacco exposure has been shown to significantly increase the risk of developing 
lung cancer, and the degree of risk is related to the extent of tobacco exposure. We 
were interested in determining the relationship between individuals* smoking histo- 
ry parameters and the levels of chromosome change found in their lungs following 
years of tobacco exposure. While there was significant intersubject variation for sim- 
ilar tobacco exposure histories, overall there was a significant correlation between 
the degree of chromosome polysomy and the intensity of ongoing tobacco exposure 
(packs/day, p = 0.02 on a per site basis) and with the extent of tobacco exposure 
(pack-years, p = 0.003). Thus the amount of chromosome polysomy reflects the 
intensity and extent of tobacco exposure. At the same time, individuals with similar 
smoking histories showed widely divergent amounts of chromosome polysomy, pos- 
sibly reflecting differences in intrinsic sensitivity between subjects. There was also 
strong correlation between the chromosome index and the duration of the smoking 
history (smoking years) and total accumulated exposure (pack-years, p - 0.0001). 
These results suggest that tobacco exposure is associated with the initiation and 
accumulation of chromosome instability in the exposed lung; however individuals 
are differentially sensitive to carcinogenic insult. The working hypothesis is that 
those individuals who accumulate the highest degree of chromosome changes will 
be at the highest lung cancer risk. 

Many of the bronchial biopsies from chronic smokers examined by in situ hybrid- 
ization showed a rise in the chromosome index above that expected for a diploid cell 
population, especially in subjects with an extensive smoking history. The rise in 
chromosome index was also accompanied by an increase in the fraction of cells 
exhibiting at least 3 chromosome copies per cell. To determine if a rise in the tissue 
chromosome index was due to clonal expansion of populations with chromosome tri- 
somy, the chromosome copy number and relative coordinates of each cell scored in 
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the bronchial epithelium was recorded and a spatial genetic map was created. 41 We 
then developed algorithms for calculating localized chromosome indices within the 
tissue. Since trisomic clones would have, on average, three chromosomes instead of 
two, those cells involved in neighborhoods with chromosome indices three-halves 
that of diploid populations could be marked as being part of a trisomic clone. Simi- 
larly, groups of cells with chromosome indices half that of diploid populations could 
be marked as being part of a monosomic clone. This allowed the generation of a sec- 
ond-order, two-dimensional genetic map representation of the bronchial epithelium 
showing the relative locations of cells involved in monosomic and trisomic clonal 
outgrowths. When adjacent tissue sections from the same bronchial biopsy were 
probed separately for different chromosomes, the detected clones appeared to occu- 
py separate subregions of the epithelium. This result suggests that not only are the 
lungs of chronic smokers undergoing a process of genetic instability, they are expe- 
riencing the outgrowth of multiple clones throughout the exposed lung field, as pos- 
tulated by the models shown in Figures 1 and 2. One advantage of this clonal 
approach is that the contribution of both monosomic and multisomic clones can be 
detected. 

Since smoking cessation has been suggested to reduce the lung cancer risk, it was 
of interest to determine whether the levels of chromosome instability would decrease 
following smoking cessation. This question was possible to examine because our 
third sequential chemoprevention trial involved subjects who had discontinued 
smoking. So far, more than 220 subjects (more than 650 biopsies) who have quit 
smoking (mean 9.9 quit-years) have been evaluated for chromosome instability in 
their lungs. Despite the fact that the mean metaplasia index in this group is 5.8% 
(considerably less than that in current smokers), chromosome instability is still 
observed in the majority of subjects. 42 While the mean chromosome polysomy level 
is reduced to 1.0%, some individuals continue to show polysomy levels above 5%. 
Interestingly, while the overall chromosome polysomy levels were reduced in these 
individuals who stopped smoking, the mean chromosome index remained at about 
1.4 with some individuals exhibiting chromosome indices as high as 1.8. Initial chro- 
mosome mapping studies suggest that while random chromosome instability seems 
to decrease following smoking cessation, the clonal outgrowths may remain for 
many years in the lung. The working hypothesis is that those individuals who show 
the greatest degree of remaining chromosome instability are at the highest lung can- 
cer risk despite smoking cessation. Long-term follow-up on these subjects will be 
necessary to test this hypothesis. 



SUMMARY AND CONCLUSIONS 

Aerodigestive tract tumorigenesis appears to be a multistep process taking place 
throughout the tissue fieids of exposure. When viewed in the context of chromosome 
changes, carcinogen exposure appears to be associated with the random acquisition 
of chromosome polysomy throughout the exposed field, the degree of which is relat- 
ed to the degree and extent of carcinogen exposure as well as to the instrinsic suscep- 
tibility of the exposed individual. Continued exposure leads to continued acquisition 
of new changes and, in association with chronic wound-healing processes, to the 
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accumulation of clonal outgrowths throughout the target tissue. Although the ulti- 
mate malignancy may occur in only one or few tissue sites, manifestations of the 
instability process that drives tumorigenesis is globally present in the tissue. Thus 
random biopsies may provide useful risk information for the exposed field as a 
whole. Even when carcinogen exposure is reduced or chemopreventive strategies are 
initiated and histologic manifestations of the tumorigenesis process subside, the 
genetic scars of prior exposure remain in the form of clonal outgrowths and may 
explain continued lung cancer risk in ex-smokers. Future chemoprevention strategies 
need to focus on reducing the degree of chromosome instability and on trying to 
eliminate residual abnormal clonal outgrowths in the aerodigestive tract. In this set- 
ting, the measurement of chromosome instability in the target tissue will be useful in 
assessing cancer risk as well as response to intervention. 
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Abstract 

Early identification and subsequent intervention are 
needed to decrease the high mortality rate associated with 
lung cancer. The examination of bronchia] epithelium for 
genetic changes could be a valuable approach to identify 
individuals at greatest risk. The purpose of this 
investigation was to assay cells recovered from 
nonmalignant bronchial epithelium by fluorescence in situ 
hybridization for trisomy of chromosome 7, an alteration 
common in non-small cell lung cancer. Bronchial 
epithelium was collected during bronchoscopy from 16 
cigarette smokers undergoing clinical evaluation for 
possible lung cancer and from seven individuals with a 
prior history of underground uranium mining. Normal 
bronchia] epithelium was obtained from individuals 
without a prior history of smoking (never smokers). 
Bronchial cells were collected from a segmental bronchus 
in up to four different lung lobes for cytology and tissue 
culture* Twelve of 16 smokers were diagnosed with lung 
cancer. Cytoiogical changes found in bronchial epithelium 
included squamous metaplasia, hyperplasia, and atypical 
glandular cells. These changes were present in 33, 12, and 
47% of sites from lung cancer patients, smokers, and 
former uranium miners, respectively. Less than 10% of 
cells recovered from the diagnotic brush had cytoiogical 
changes, and in several cases, these changes were present 
within different lobes from the same patient. Background 
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frequencies for trisomy 7 were IA ± 03% in bronchial 
epithelial cells from never smokers* Eighteen of 42 
bronchial sites from lung cancer patients showed 
significantly elevated frequencies of trisomy 7 compared 
to never smoker controls. Six of the sites positive for 
trisomy 7 also contained cytoiogical abnormalities. 
Trisomy 7 was found in six of seven patients diagnosed 
with squamous cell carcinoma, one of one patient with 
adenosquamous cell carcinoma, but in only one of four 
patients with adenocarcinoma. A significant increase in 
trisomy 7 frequency was detected in cytologically normal 
bronchia] epithelium collected from four sites in one 
cancer-free smoker, whereas epithelium from the other 
smokers did not contain this chromosome abnormality. 
Finally, trisomy 7 was observed in almost half of the 
former uranium miners; three of seven sites positive for 
trisomy 7 also exhibited hyperplasia. Two of the former 
uranium miners who were positive for trisomy 7 
developed squamous cell carcinoma 2 years after 
collection of bronchial ceils. To determine whether the 
increased frequency of trisomy 7 reflects generalized 
aneuplotdy or specific chromosomal duplication, a 
subgroup of samples was evaluated for trisomy of 
chromosome 2^ the frequency was not elevated in any 
of the cases as compared with controls. The studies 
described in this report are the first to detect and 
quantify the presence of trisomy 7 in subjects at risk for 
lung cancer. These results also demonstrate the ability to 
detect genetic changes in cytologically normal cells, 
suggesting that molecular analyses may enhance the 
power for detecting premalignant changes in bronchial 
epithelium in high-risk individuals. 

Introduction 

Although lung cancer is the leading cause of cancer death in the 
United States (1), early detection and intervention could de- 
crease the high mortality rate associated with this disease if 
sensitive screening approaches could be developed (2r-4). Early 
detection may be feasible because the entire respiratory tract is 
exposed to inhaled carcinogens; therefore, the whole lung is at 
risk for developing multiple, independently initiated sites. This 
"field cancerization" condition (5) is supported clinically by a 
high frequency of second primary tumors in lung cancer pa- 
tients (6-9) and by the occurrence of progressive histological 
premalignant changes throughout the lower respiratory tract of 
cigarette smokers (10, 11). Moreover, recent studies using 
pathological tissues obtained after lung resection or autopsy 
have identified genetic aberrations associated with lung cancer 
in nonmalignant bronchial epithelium adjacent to tumors (12- 
16). 

Although examination of pathological samples is useful 
for identifying genetic changes associated with carcinogenesis, 
this invasive approach for collection of clinical samples nec- 
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essary for early detection would not be appropriate for screen- 
ing However, bronchial epithelial cells harvested using routine 
clinical procedures could be examined for genetic changes as an 
initial approach for detecting individuals at high risk for lung 
cancer. This approach could also provide genetic markers for 
evaluating the effectiveness of chemoprevennon regimens. 
Bronchoscopy provides direct access 10 viable cells within the 
airways and is a commonly used tool for obtaining samples 
from the lower respiratory tract, including bronchial epithelium 
(17). This procedure can be used to repeatedly sample the 
bronchial epithelium over time and to collect viable cells that 
can be expanded through tissue culture for functional assays. 

Because of field cancerizalion, genetic abnormalities 
should be dispersed throughout the bronchial epithelium of 
persons at risk for lung cancer. The purpose of this investiga- 
tion was to test this hypothesis by sampling nonmalignant 
bronchial epithelium from distinct locations within four differ- 
ent lobes of the lung from persons at risk for lung cancer and 
then assaying the bronchial cells for the presence of specific 
genetic abnormalities. Trisomy of chromosome 7 was exam- 
ined in these cells, because this alteration is common in solid 
tumors, including lung cancer, of several different organ sys- 
tems (18, 19). In addition, trisomy 7 has been detected in 
premaiienant lesions such as villous adenoma of the colon (20), 
in the colonic mucosa of individuals with familial polyposis 
(21). and in the far margins of some resected lung tumors (22). 
Our results demonstrate that trisomy 7 can be detected in 
nonmalignant bronchial epithelium from patients with lung 
cancer distant to the site of the tumor and in individuals without 
tumors who are at high risk for lung cancer development. 
Together, these studies suggest thai an extra copy of chromo- 
some 7 may be an intermediate biomarker of ongoing field 
carcinogenesis. 

Materials and Methods 

Subject Recruitment Bronchial epithelium was collected 
from 16 cigarette smokers undergoing a diagnostic workup for 
possible lung cancer and from 7 individuals with a prior history 
of underground uranium mining, 5 of whom were also smokers. 
Three individuals who had never smoked were also recruited to 
obtain bronchial epithelium not exposed directly to either to- 
bacco smoke or radon progeny. 

Pathology and Exposure History. Twelve of the 16 cigarette 
smokers who underwent diagnostic bronchoscopy were diag- 
nosed with NSCLC. 3 Seven tumors were characterized histo- 
logically as SCCs, four tumors were ACs, and one tumor was 
an adenosquamous cell carcinoma. Lung cancer was not evi- 
dent in the other four subjects. Smoking histories ranged from 
15 to 120 pack-years (defined as the number of cigarettes 
smoked per day times the number of years smoked). All of the 
former uranium miners worked underground between 2 and 20 
years, with a range of 27-527 working level months. Five of the 
seven miners had smoking histories that ranged from 20-60 
pack-years. 

Bronchoscopic Collection and Processing of Bronchial Ep- 
ithelium. A protocol was developed for harvesting viable 
bronchial epithelium from the lower respiratory tract using a 
standard cytology brush during bronchoscopy. After introduc- 



tion into the lower respiratory tract, the bronchoscope was 
directed into each upper and lower lobe, and the carinal margin • 
of a segmental orifice, usually the second and third bifurcation 
within the upper and lower lobes, respectively, was brushed. 
These sites were chosen because (a) they arc high-deposition 
areas for particles; (b) ihey arc associated frequently with 
histological changes in smokers; and (<:) they represent sites 
where tumors commonly occur (11, 23). Tne area was first 
washed with saline to remove any nonadherent cells. Sites were 
not brushed if a tumor was visualized within 5 cm of the site. 
After brushing, the brush was withdrawn, placed in serum-free 
medium, and kept on ice until processed. Each site was brushed 
twice. The procedure was well tolerated by all subjects, and no 
complications were noted related to the brushing procedure. 

Bronchial cells were collected from only two of the sites 
in two of the subjects, from three sites in two subjects, and from 
all four sites in the remaining subjects. Although only two sites 
were brushed initially in case 1, cells were obtained from all 
four sites in this subject during a repeat bronchoscopy per- 
formed after the initial procedure did not yield a diagnosis. 
Samples were obtained from all four sites in the cancer-free 
current smokers and in ihe never smokers. In addition, bron- 
chial epithelial cells derived at autopsy by Clonetics, Inc. (San 
Diego, CA) from four never smokers were also obtained to 
serve as additional controls. Only two sites sampled from most 
of the former uranium miners were available for analysis be- 
cause cells recovered from the other sites had been used ex- 
clusively for cytology in another investigation. 4 
Bronchial Epithelial Cell Culture. Replicattve cultures of the 
bronchial epithelial cells obtained by the procedure described 
above were established in our laboratory (24) using a serum- 
free medium (BEGM: Clonetics, Inc.) that is optimal for growth 
of these cells. Cells were removed from brushes by vigorous 
shaking in BEGM; cells from one brush were prepared for 
cytological analyses, and cells from the other brash were 
washed, resuspended in BEGM, seeded onto 60-mm fibronec- 
tin-coated plates, and grown at 37°C in 3% C0 2 and 21% 0 2 
until 80% confluence. Prior to passage, aliquots of cells were 
cryopreserved and stored at -145'C; other samples of cells 
were fixed in methanol-acetic acid (3:1). Next, the cells were 
washed four to six times in meihanokacetic acid and then 
dropped onto slides (about 2 X 1 (^cells/slide). The effects of 
cell culture on the frequency of trisomy 7 id nonmalignant 
bronchial epithelium were examined by placing cells dispersed 
from brushes directly onto microscope slides followed by fix- 
ation. 

Cytology. Cells from one brush from each bronchial collection 
site were prepared for etiological analysis by smearing the cells 
across a microscope slide. The cells were then fixed with 96% 
ethanol and stained according to the Papanicolaou procedure 
(25) to facilitate morphological evaluation by a cytopathologist. 
Detection of Trisomy 2 and Trisomy 7. Trisomy 2 and tri- 
somy 7 were determined by hybridization of cells with a toou- 
nylated chromosome 2 or 7 centromere probe (Oncor; Gatm- 
ersburg, MD). The probes were denatured in hybndtz^on 
buffer at 70°C for 5 min, and the slides were immersed in /u» 
formamide-2X SSPE at 7CTC for 2 min. The probe was Jen 
applied to the slides, which were incubated in a hunsiuueo 
chamber at 37°C for ;6 h. After incubation, the slides were 
washed in 0.25X SSPE (10 mM sodium phosphate monob^x 
monohydrate; 1 mw ethyienediamine tetraacetic acid disodiuro 



■* The abbreviations used arc: NSCLC non-small cell lung cancer; SCC. squa- 
mous ceif cancer, AC, atienocarcinoma; KGFR, epidermal growth factor receptor; 
FISH, fluorescence in situ hybridization; KOH. Joss of heterozygosity; BEGM, 
Bronchial Epithelium Growth Medium. 



4 Unpublished dala. 



■Mo+orial mow K** r\mtar>iarl Hw /*r»rkwrtnh* Io\a/ /Ti+lo i 7 I I Q PrvHo 



leer Epidemiology, Biomarkcrs & Prevention 633 



* was 
nargia.. 
xation 
xished. 
osiiion 
t with 

* sites 
is first 
s were 
ie site, 
m-free 
rushed 
and no 
dure. 
<c sites 
dfrom 
o sites 
om all 
■y per- 
gnosis. 
er-free 
, bron- 

(Sari 
ned to 
n most 
sis be- 
ed ex- 

; of the 
>cribed 
serum- 
growth 
gorous 
:ed for 
\ were 
>ronec- 
1%0 2 
s were 
.f cells 
s were 
d then 
ects of 
lignant 
.persed 
by fix- 
lection 
ie cells 
:h 96% 
cedurc 
>logist. 
ind tri- 
a bioti- 
Gaith- 
ization 
in 70% 
is then 
ddified 
s were 
)ob3sic 
sodium 



salt, dihydrate; 150 mM sodium chloride, pH 7.4) for 5 min at 
72°C, and the probe was detected with fluoresceuvlabeled 
avidin. Cell nuclei were visualized with propidium iodide. 
paU Analysis. The number of centromeric hybridization sig- 
nals in each cell were evaluated in 400 cells/slide, and the 
frequency of trisomy 7 on each slide was calculated by dividing 
the total number of cells expressing three hybridization signals 
by the total number of cells counted on each slide. Twenty % 
of the slides were scored by a second person, and frequencies 
for trisomy 7 differed by <0.4%. The total number of sites 
positive for trisomy 7 in subjects with SCC and AC were 
compared using Fisher's exact test 

Results 

Cytology. Squamous metaplasia and atypical glandular cells, 
the only cytological abnormalities observed in lung cancer 
patients, were present in 32% of the samples (Table 1). These 
cytological changes were observed in <10% of the cells re- 
covered from the diagnostic brush. Two subjects had three sites 
with cytological abnormalities, and Five subjects had no cyto- 
logical abnormalities. No samples contained tumor cells by 
cytology, although one of four sites in five subjects was col- 
lected from the same lobe where a tumor was later diagnosed. 

Two of the 16 sites in smokers without lung cancer were 
cytologically abnormal (both in the same person; Table 2), 
whereas no atypical cells were present in the 12 sites from the 
three never smokers (Table 3). In former uranium miners, 
hyperplasia was present in bronchial cells collected from all 
four sites from one person, and in one site in two additional 
people (Table 2). 

Culturing of Bronchial Epithelial Cells. The efficiency of 
establishing replicative cultures of the cells obtained by bron- 
chial brushing was 100%. The serum- free medium used for 
these cultures is optimal for growing bronchial epithelial cells 
and does not support fibroblastic cell replication (25). There- 
fore, the cells were uniformly epitheloid in appearance. Growth 
potential was evaluated by passaging cells from all seven of the 
uranium miner cases and cases 1-6 from the lung cancer 
patients. Some of these cultures were maintained for up to nine 
passages (a minimum of 16 population doublings), and many 
underwent 30 divisions before senescence. However, none ex- 
hibited an indefinite population-doubling potential. 
Detection of Trisomy 7 in Nonmalignant Bronchial Epithe- 
lium. Background rates of trisomy 7 were determined by ex- 
amining normal human bronchial epithelial cell lines derived 
from autopsy cases of never smokers and bronchial epithelium 
collected from never smokers during bronchoscopy. In bron- 
chial cell lines (passage 2) from four donors and bronchial 
epithelial cell samples obtained by bronchial brushing from the 
recruited never smokers f Fable 3), only 1.4 ± 0.3% (SD) of the 
cells contained three hybridization signals for chromosome 7 
with values ranging from 1 to 1 .8%. These values agree with 
those reported by the manufacturer of the probe. Therefore, 
trisomy 7 frequencies of >2.0% (>2 SD above the mean for 
controls) were considered significantly different from controls. 

Passage 1 or 2 bronchial cells from lung cancer patients 
were examined for trisomy 7. Eighteen of the 42 bronchial sites 
(43%) sampled from the 12 iung cancer patients contained 
trisomy 7 at frequencies ranging from 2.3 to 6.0% (Table 1 ; Fig. 
3). Three subjects (cases 1, 2, and 1 1) displayed trisomy 7 in all 
sites collected during bronchoscopy, and in two subjects (cases 
7 and 12), trisomy 7 was found in three of four sites (Table 1). 
Six of the IS sites positive foT trisomy 7 also contained cyto- 
logically abnormal cells. Trisomy 7 was found in six of seven 



Table I Frequency of trisomy 7 in bronchial epithelial ceils from long cancer 
patients 



Case 


Age 


Smoking 
(pack-yrs) 


Tumor 
diagnosis 


Brash 
tocfction 


Cytological 
diagnosis 


Trisomy 7 
(frequency, %) 


I 


64 


104 


SCC 


RLL° 


N 


2.8* 










KUL 


AGC 


4.0* 










RLL C 


N 


3.0* 










RUL r 


N 


4.0* 










I.T.I f 


N 


6.0* 










'.UL' 


SM 


4.3* 


2 


69 


26 


SCC 


RUL 


SM 


2.8* 










ill 


SM 


3.3* 










LUL 


N 


3.8* 


3 


65 


120 


SCC 


RLL 


AGC 


2.0 










RUL 


AGC 


2.3* 










LLL 


AGC 


2.0 


4 


52 


90 


AC 


RLL 


' SM 


1.5 










RUL 


N 


L8 










LLL 


SM 


1.5 










LUL 


SM 


1.8 


5 


70 


50 


SCC 


RLL 


N 


1.5 










RUL 


N 


1.5 










LLL 


N 


J. 5 










LUL 


SM 


1.3 


6 


61 


93 


AC 


RLL 


N 


1.5 










RUL 


N 


1.3 










LLL 


N 


2.0 










LUL 


N 


1.5 


7 


58 


40 


SCC 


RLL 


N 


L8 










RUL 


N 


2.3* 










LLL 


N 


2.5 6 










LUL 


N 


2.8* 


8 


59 


120 


AdSCC 


RLL 


N 


1.5 










RUL 


N 


2.0 










LLL 


N 


2.5* 










LUL 


AGC 


2.0 


9 


65 


71 


SCC 


RLL 


SM 


2.0 
















10 


63 


45 . 


AC 


RLL 


N 


1.0 










RUL 


N 


1.8 










LLL 


N 


1.8 










LUL 


N 


1.3 


11 


61 


95 


AC 


LLL 


N 


2.5* 










LUL 


N 


2.8* 


12 


76 


17 


SCC 


RLL 


N 


2-0 










RUL 


N 


2.3* 










LLL 


N 


2.3* 










LUL 


N 


23* 



° RLL, right lower lobe; RUL, right upper lobe; LLL, left lower lobe; LUL, left 

upper lobe; AGC, atypical glandular cells; SM t squamous metaplasia; N, normal 

cells; AdSCC, adenosquamous carcinoma. 

* P < 0.05 as compared to never-sinoker controls. 

r Resampled 4 months later. 



patients diagnosed with SCC, whereas only one of four patients 
with AC displayed trisomy 7 in any site collected at bronchos- 
copy. Case 7, which had histological features of both SCC and 
AC, had one site positive for trisomy 7. The frequency of 
positive trisomy 7 sites in ail patients with SCC within this 
small sample population was significantly greater than irt AC 
patients (P < 0.005). 

The reproducibility of detecting trisomy 7 at sites found to 
be positive for this abnormality was investigated in one patient 
(case 1) who required repeat bronchoscopy for clinical reasons. 
Trisomy 7 was increased similarly in the two sites brushed 
during both procedures, although cytological examination 
showed atypical cells in one site from the first bronchoscopy 
and cytologically normal ceils from the same site collected 
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# 



T^Tl^ucncy of trisomy 7 in bronchial ejmhelial cells from concer-fixe 
Tab!*? i*q«c r ^ fonaer uraniom miners 



Smoking Radon exposure Brush Geological 
Case Age (pack . yfs) (WtMsf '~ n 1 * r 



Trisomy 7 
location Diagnosis (frequency. %) 



13 6J 



15 



14 


34 


24 


0 




OR 


51 


0 


16 


45 


30 


0 


17 


59 


8 


27 


18 


65 


9 


516 


19 


64 


30 


235 


20 


56 


0 


186 


21 


64 


0 


214 


22 


64 


0 


577 


23 


67 


3i 


124 



RLL 


N 


1.8 


RUL 


AGC 


1.5 


LLL 


N 


1.8 


LUL 


SM 


2.0 


RLL 


M 


1.3 


RTJL 


N 


1.3 


LLL 


N 


1.0 


LUL 


N 


1.3 


R1X 


N 


4.0" 


RUL 


N 


3.0* 


LLL 


N 


43* 


LUL 


. N 


35* 


RLL 


N 


1.3 


RUL 


N 


1.5 


LLL 


N 


2.0 


LUL 


N 


1.8 

3.0* 


LLL 


N 


LUL 


N 


3.0* 


LUL 


N 


1.3 


RUL 


N 


3.3* 


LUL 


K 


1.5 


RLL 


N 


1.0 


LUL 


N 


2.0 


RLL 


N 


23" 


RLL 


H 


1.8 


LUL 


N 


1.8 


RLL 


H 


0.8 


LLL 


H 


L3 
2.8* 


LUL 


H 


RLL 


M 


2.5* 


RUL 


H 


33" 



■ Table 3 Jnttrpha* ^ <* chromosome 7 m 

epithelia l cells 

S^Mil roithelial cell Tmcs were established from never smokers (Clonctics) 
were counted per donor. _ 



"Abb^viMionsar^inaicMed in Tabie . foomo.e. WI.M. working .eve. monih: 
H. hyperplasia. 

* /> < 0.05 as compared to never-smoxer controls. 



during the second procedure (Table 1). The other two sites 
Sected during the second bronchoscopy also showed elevated 
frcouencies of trisomy 7 in this patient. 

Trisomv 7 was detected in cytologically normal bronchial 
epithelium collected from four sites in one (case 5) of the 
cancer-free smokers (Table 2). Bronchial cells from the other 
smokers did not contain this chromosome abnormal^ In toe 
former uranium miners (cases 17-23), seven of 15 sites col 
lected during bronchoscopy were positive for trisomy 7. three 
oTme positive sites were found in one subject (case 23) and also 
ZSJSa basal cel. hyperplasia. However the other four sam- 
ples positive for trisomy 7 showed no cytological abnormality. 

Two of the former uranium miners (cases 18 ana i>j 
developed lung cancer within 2 years of bronchial cell flec- 
tion. SCC was diagnosed in the right upper Wf sub- 
jects. As noted in Table 2, both cases ;W^ e J»£^ 
7 in the right upper lobe brushing site obtained at the miha. 

bronchoscopy. . . 

Tissue Culture Effects on Trisomy 7 Expression in Bron- 
chial Epithelium. The effect of tissue culture on trisomy - 7 
frequency was assessed by comparing the frequency of this 
chromosome abnormality in freshly isolated bronchial epithe- 
lium obtained directly from bronchial brushes ( preculiure ) to 
passage I cells. This comparison was conducted on cells ^col- 
lected from two different bronchial sites in three different 
subjects [(cases 11 and 16 and donor 7 (never smoker^ Cul- 
tured samples positive for tnsomy 7 m case 11 were also 



Donor Age 



Brush 

location — 



6 
17 
15 
41 

45 



35 



33 



NA" 
NA 
NA 
NA 
RLL 
RUL 
LLL 
LUL 
RLL 
RUL 
LLL 
LUL 
RLL 
RUL 
LLL 
LUL 



35 

2.3 

15 

2.0 

i.O 

05 

1.3 

1.0 

1.0 

25 

2.0 

1.8 

0.5 

05 

1.2 

1.0 



signals/cell {%> 


2 


3 


4 


92.0 


15 


3.0 


955 


13 


1.0 


94.7 


1.8 


2.0 


94.8 


1.0 


2.3 


955 


1.8 


L7 


983 


t.O 


0.2 


965 


1.0 


1.2 


963 


1.2 


15 


96.8 


1.0 


1.2 


933 


1.7 


25 


94.8 


15 


1.7 


94.2 


1.8 


2.2 


983 


0.8 


05 


97.2 


13 


1.0 


96.8 


13 


0.7 


96.0 


1.5 


15 



• Abbreviation* are as indict in the legend to Tabie i. NA. no. applicable. 



positive in preculiure cells from die same bronch.al auction 
sS whereas sites negative for trisomy 7 in cultured cells from 
cST TZ the never smoker were also negative m ^culture 
cets data not shown). Values for trisomy 7 ditfered by <0.3<». 
between preculture and cultured cells. The effect of passaging 
oSTS fce frequency of trisomy 7 was also examined m 

cells from passages 1, 4, and 7. 

Freauency of Trisomy 2 in NonmaUgnant Bronchial Epi- 
ar^euploidy L been 

metaplasia, a likely precursor to SCC (26). lo ac rermin 
whether the increased frequency of trisomy 7 detected in the 
cM Study reflects generalized ancuploidy or a specific chro- 
mTs"mrduyication 8 a subgroup of sample, was evaluated for 
uisomy of chromosome 2. The frequency of trisomy 2 in never 
Voters was 1 5 ± 0.4% (data not shown). Bronchia cells 
from ShTsub ects, six of whom had elevated frequenc.es for 
ZnS were evaluated. The frequency for tnsomy of chro- 
mSome 2 did not differ from never smokers (Table 4). 

Discussion , 
The studies described in this report are the first to detect and 
Quantify an increase in trisomy 7 in the airway cells ^bjects 
at risk for lung cancer. The presence ot trisomy , appeared to 
be a specific chromosome gain and not 
aneuDlS in these cells. In addition, trisomy 7 in nminuh* 
lanStbei from lung cancer patients was associated with 
SSS histology. sugVtingthat patients ; . this gene- 
change may be at greater risk for developing SCC than otner 
S3 1 forms of lung cancer. This supposition was sup- 
Sd by the Set tha, two cancer-free former uranium miners 
Stonchial ceils posidve for trisomy 7 
SCC Finally, these results demonstrate the ability to detect 
Sue chJges in cytologically normal cells, suggesting ^ha 
Secular analyses may enhance the power for detecting 
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Fig. J. FISH for chromosome 7 in 
bronchia! epithelial cells. Trisomy 7 
is apparent in one ceil from this 
field. Magnification, X530. 




Table 4 Frequency ot" trisomy 2 in bronchia! epithelial cells from lung cancer 
patients, cancer- free smokers, and former uranium miners 



Case Tumor diagnosis 


Brush location 


Trisomy 2 
{fremiency. %) 


i sec 


RLL" 


L5 




RUL 


J.8 




LLL 


I.R 




LUL 


1.0 


2 SCC 


LUL 


1.0 




LUL 


1.0 


7 SCC 


RLL 


1.5 




RUL 


2.1 




LLL 


1.8 




LUL 


1.5 


8 AC 


RLL 


0.3 




RUL 


1.5 




LLL 


0.8 


13 None 


RLI. 


J.O 




RUL 


0.8 




LLL 


1.0 




LUL 


1.3 


15 None 


RLL 


1.8 




RUL 


2.0 




LLL 


1.0 




LUL 


1.3 


J 9 N'one 


LUL 


1.9 




RLL 


0.8 


23 None 


RLL 


1.5 


" Abbreviations arc as indicated in legend to Table ). 

premalignant changes in bronchial epithelium in high-risk 
individuals. 

Cigaretie smoking and the exposure of underground min- 
ers to radon progeny are both well-established respiratory car- 
cinogens (27, 28). Tobacco smoke contains numerous muta- 
gens and carcinogens, and radon progeny that have been 
inhaled and deposited on the respiratory epithelium release a 



particles capable of damaging DNA (28). Although comparison 
between findings in ihe cigaretie smokers and the former ura : 
nium miners is constrained by the number of participants in the 
two groups, trisomy 7 was found in both groups. These results 
are consistent with the synergism between smoking and radon 
progeny, which suggests commonality in ihe pathways by 
which the two carcinogens cause lung cancer (29). 

The bronchial bmshing method used for collecting cells 
from the lower respiratory tract is rapid (10-12 min total for 
two brushes at four different sites), well tolerated by the patient, 
and permits collection of viable bronchial cells that can be 
expanded through tissue culture at 100% efficiency. The sta- 
bility of these cells in culture was evident by the fact that the 
frequency of trisomy 7 did not differ between primary brush 
cells and cells propagated for up to seven passages. Further- 
more, this procedure is amenable to the production of sufficient 
cell numbers (I X 10 R ) at low passage (one or two) to accom- 
modate multiple molecular analyses. Although the media used 
in culturing of bronchial epithelial cells did not appear to 
provide a selective growth advantage to cells harboring an 
additional chromosome 7, the modulation of medium supple- 
ments might lead to the establishment of clonal populations of 
premalignant cells. Such cell populations would greatly facil- 
itate the identification of additional early gene changes in 
respiratory carcinogenesis. 

The detection of trisomy 7 in multiple nonmalignant sites 
within the bronchial tree supports the lheory of field cancer- 
ization (5), which states that diffuse exposure of the entire 
respiratory tract to inhaled carcinogens causes the development 
of multiple, independently initiated sites diat can lead to tumor 
development. Although the frequency of this chromosome ab- 
normality was relatively low (2.3-6.0%), these values were 
consistent with the low percentage of cells within each brush 
sample (10%) that exhibited abnormal cytology. These results 
are also similar to studies of chromosome gain in patients with 
head and neck cancer where trisomy 7 was detected at frequen- 
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cies of 2, 3, and 21% in histologically normal, hyperplastic, and 
dysplastic cells, respectively (30). 

The detection of trisomy 7 in normal, hyperplastic, and 
metaplastic bronchial epithelium from cancer-free patients ex- 
tends a recent report describing LOH at chromosomes 3p, 5q, 
and 9p in dysplastic premalignant bronchial lesions harvested 
from current and former smokers by bronchoscopy (31). The 
inability to detect LOH at these chromosome loci in normal or 
early premalignant epithelium may stem from a difference in 
sensitivity between the methodologies used. The low frequency 
of trisomy 7 and cytologically abnormal cells collected from 
bronchoscopy is consistent with a lack of clonality within the 
brush cells. FISH assays on interphase cells permit screening of 
individual cells, and sensitivity for detection is limited only by 
the number of ceils examined. In contrast, microsatellite anal- 
yses for LOH cannot detect nonclonal changes but require that 
the chromosome alteration be present in approximately 40- 
50% of the sample (32, 33). 

The role of trisomy 7 in lung cancer development has not 
been elucidated. Increased expression of EGFR, which is lo- 
cated on chromosome 7 (34), is observed in 50-80% of 
NSCLCs (16, 35, 36). EGFR expression appears greater in SCC 
than AC (35, 36) and is amplified in some cell lines derived 
from SCC (37). These findings corroborate our hypothesis that 
acquisition of trisomy 7 in bronchial epithelium could be prog- 
nostic for development of SCC. Moreover, expression of this 
gene is also increased in nonmalignant bronchia! epithelium 
from NSCLC patients (16, 35) and in normal or premalignant 
epithelium adjacent to bead and neck tumors (38). Thus, altered 
expression of EGFR could enable cells that have acquired 
additional genetic changes to proliferate continually and escape 
from terminal differentiation (39). In addition, the c-met onco- 
gene is also located on chromosome 7 and is overexpressed in 
NSCLCs (40, 41). This oncogene encodes a transmembrane 
tyrosine kinase (42) that functions as a receptor for the hepa- 
tocyie growth factor (43) and is involved in sustaining the 
growth of NSCLC cells in culture (44). 

Previous studies have detected mutations in p53 (12, 14, 
35), chromosome losses at 9p2 1 (45) and 3p (46) in preinvasive 
bronchial lesions, and simple chromosome rearrangements in 
normal bronchial epithelium from proximal airways (47) of 
lung cancer patients. The prevalence of these genetic changes in 
normal epithelium from persons at risk for lung cancer should 
be quantified by FISH to define the temporal sequences of 
somatic genetic changes that precede the development of clonal 
lesions in the lung. This information witi be invaluable in 
providing biological markers that can qualitatively estimate the 
extent of field cancerization in persons at risk for lung cancer 
and can be used to assess the efficacy of chemoinlervention 
trials. Ultimately, the efficiency for detecting these biological 
markers in bronchial epithelium versus exfoliated epithelial 
cells within sputum must be established to support the use of a 
"genetic-based" screening approach for individuals at high risk 
for lung cancer. The results of the current investigation have 
identified one potential biomarker, trisomy 7, that may be 
useful in early detection and intervention for lung carcino- 
genesis. 
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Contributed by David Botstein and Arnold J. Levine, October 21, 1998 

ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISPS, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISPS, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyline repressible promoter, and («) Wnt-1 transgenic 
mice. The WISP-I gene was localized to human chromosome 
8q24.1-8q24.3. WISP-I genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to >30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3j3 (GSK-3/3) resulting in an increase in 
|3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to j3-catenin, and facilitates its degradation. Mutations in 
either APC or j3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), mdsiamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISPS. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 p.g of poly(A) + RNA isolated 
from the C57MG/WnM cell line and driver cDNA from 2 /xg 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WlSP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISPS were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 yM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation fluorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2< Act ) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The WYSP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on j3-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/WnM cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ^40,000 (M t 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 24). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ^27,000 (M r 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Ffg. 1 . WISP-1 and WISP-2 are induced by Wnt-1 , but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 jxg) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- /-specific probe 
(amino acids 278-300) or a 190-bp WISP-2- specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human /3-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-l, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-I expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of W1SP-3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-I and WISP-2, Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP- 1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-I expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




F[G. 4. (A , C, E, and G) Representative hematoxylin/ eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-I is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and O), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P — 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 /xg) 
digested with EcoRI (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-I probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-l 
RNA present in tumor tissue varied but was significantly 
increased (2- to > 25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-l, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 

DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., j3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin avfo serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-01, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and everexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic j3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. 
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/l?*** id * n rev * ew we waminc current state of proteome analysis. There are 

Rueoi Aebersoid Q lfee mam | ssues discussed: why it is necessary to study proteomes; how pro- 

l teotnes can bo analyzed with current technology; and how proteome analysis 

Department of Molecular can be used to enhance biological research. We conclude that proteome anal- 

Bjotwhnology, ^* er w Jf ys is is an essential tool in the understanding of regulated biological systems. 

Washington, Seattle, WA, USA Current technology, while still mostly limited to the more abundant proteins, 

enables the use of proteome analysis both to establish databases of proteins 
presen I, and to perform biological assays involving measurement of multiple 
variables. We believe that the utility of proteome analysis, in future biological 
research will continue to be enhanced by further improvements In analytical 
technology. F 
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1 Introduction 

A proteome has been defined as the'protein complement 
expressed by tbe.genome of an organism, or, In multicel- 
lular organisms, as the protein complement expressed by a 
tissue or differentiated cell (1). In the most common im- 
plementation of proteome analysis the proteins extracted 
from the cell or tissue analyzed are separated by high 
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2 Rationale for proteome analysis 

The dramatic growth in both the number of genome 
projects and the speed with which genome sequences 
are being determined has generated huge amounts of 
sequence information, for some species even complete 
genomic sequences {(15-17]). Hie description of the 
state of a biological system by the quantitative measure- 
ment of system components has long been a primary 
objective in molecular biology. With recent technical 
advances including the development of differential dls~ 
play-PCR [18], cDNA microarray and DNA chip techno- 
logy (19, 20] and serial analysis of gene expression 
(SAGE) (21, 22], it is now feasible to establish global and 
quantitative mRNA expression maps of cells and tissues, 
in which the sequence of ah* the genes is known, at a 
speed and sensitivity which is not matched by current 
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protein analysis technology. Given the long-standing 
paradigm in biology that DNA synthesizes RNA which 
synthesizes protein, and the ability to rapidly establish 
global, quantitative mRNA expression maps, the ques- 
tions which arise are why technically complex proteome 
projects should be undertaken and what specific types of 
information could be expected from proteome projects 
which cannot be obtained from genomic and transcript 
. profiling projects. We see three main reasons for pro- 
tcomo analysis to become an essential component in the 
comprehensive analysis of biological systems, (i) Protein 
expression levels are not predictable from the mRNA 
expression levels, (it) proteins are dynamically modified 
and processed in ways which are not Decessarily 
apparent from the gene sequence, and (iti) proleomes 
are dynamic and reflect the state of a biological system. 

Z.1 Correlation between mRNA and protein expression 
levels 

Interpretations of quantitative mRNA expression profiles 
frequently implicitly or explicitly assume that for. specific 
genes the transcript levels are indicative of the levels of 
protein expression. As part of an ongoing study in our 
laboratory, we have determined the correlation of expres- 
sion at the mRNA and protein levels for a population of 
selected genes in the yeast Saccharomyces cerevlsiae 
growing at mid-log phase (S. P. Gygi et ai t submitted for 
publication). mRNA expression levels were calculated 
from published SAOE frequency tables |22J. Protein 
expression levels were quantified by metabolic radiola- 
beiing of the yeast proteins, liquid scintillation counting 
of the protein spots separated by high resolution 2-DB 
and mass spectrometric identification of the protein(s) 
migrating to each spot. The selected 80 samples consti- 
tute a relatively homogeneous group with respect to pre- 
dicted half-life and expression level of the protein pro- 
ducts. Thus far, we have found a general trend but no 
strong correlation between protein and transcript levels 
(Pig. 1). R>r some genes studied equivalent mRNA trans- 
cript levels translated into protein abundances which 
varied by more than 50-fold. Similarly, equivalent steady- 
state protein expression levels were maintained by trans- 
cript levels varying by as much as 40-fold (S. P. Gygi 
el al % submitted). These results suggests that even for a 
population of genes predicted to be relatively homoge- 
neous with respect to protein half-life and gene expres- 
sion, the protein levels cannot be accurately predicted 
from the level of the corresponding mRNA transcript 

12 Proteins are dynamically modified and processed 

In the mature, biologically active form many proteins are 
post-txanslationally modified by glycosyiation, phosphor- 
ylation, prenylation, acylation, ubiqultination or one or 
more of many other modifications [23] and many pro- 
teins are only functional if specifically associated or conv 
plexed with other molecules, including DNA, RNA, pro- 
teins and organic and inorganic cefaclors. Frequently, 
modifications are dynamic and reversible and may alter 
the precise three-dimensional structure and the state of 
activity of a protein. Collectively, the state of modifica- 
tion of the proteins which constitute a biological system 
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Figure /. Correlation between mRNA tod protein letelt to yeast cells. 
For i selected population of 80 genes, protein levels were measured 
by M 'S-radiolabdlng and mRNA levels were takuhled from publi- 
shed SAOE tables. Inset: expanded view or (he tow abundance region. 
For more experimental details, also ie* Fi£i. 5 and 6, (S. P.Oygi al % 
submitted). 

are important indicators for the state of the system. The 
type of protein modification and the sites modified at a 
specific cellular state can usually not be determined 
from the gene sequence alone. 



23 Proteomes are dynamic and reflect the state of a 
biological system 

A single genome can give rise to many qualitatively and 
quantitatively different proteomes. Specific stages of the 
celt cycle and states of differentiation, responses to 
growth and nutrient conditions, temperature and stress, 
and pathological conditions represent cellular states 
which are characterized by significantly 'different pro- 
teomes. The proteome, in principle, also reflects events 
that are under translational and post-translational con- 
trol. It is therefore expected that proteomics will be able 
to provide the most precise and detailed molecular des- 
cription of the state of a cell or tissue, provided that the 
external conditions defining the state axe carefully deter- 
mine! In answer to the question of whether the study 
of proteomes Is necessary for the analysis of biorootec- 
ular systems, it is evident that the analysis of mature pro- 
tein products in cells is essential as there are numerous 
levels of control of protein synthesis; degradation, 
processing and modification, which are only apparent by 
direct protein analysis. 



3 Description and assessment of current proteome 
analysis technology 

3.1 Technical requirements of proteome technology 

In biological systems the level of expression as well as 
the states of modification, processing and macro-molec- 
ular association of proteins are controlled and modu.- 
lated depending on the state of the system. Comprehen- 
sive analysis of the identity, quantity and state of modifi- 
cation of proteins therefore requires the detection and 
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quantitation of the proteins which constitute the system, 
and analysis of differentially processed forms, There are 
a number of inherent difficulties in protein analysis 
which complicate these tasks. First, proteins cannot be 
amplified. It is possible to produce large amounts of a 
particular protein by over-expression in specific cell sys- 
terns. However, since many proteins are dynamically 
post-Uanslationaliy modified, they cannot be easily am- 
plified in the form in which they finally function in the 
biological system. It is frequently difficult to purify from 
the native source sufficient amounts of a protein for 
analysis. From a technological point of view this trans- 
lates into the need for high sensitivity analytical tech- 
niques. Second, many proteins are modified and pro* 

.cessed post-transl alio nally. Therefore, in addition to the 
protein identity, the structural basis for differentially 
modified isoforms also needs to be determined. The dis- 
tribution of a constant amount of protein over several 
differentially modified isoforms further reduces the 
amount of each species, available for analysis. The com- 
plexity and dynamics of post-translational protein edit- 
ing thus significantly complicates proteome studies. 
Third, proteins vary dramatically with respect to their 
solubility in commonly used solvents. Tbere are few, if 
any, solvent conditions in which all proteins are soluble 
and which are also compatible with protein analysis. This 
makes the development of protein purification methods 
particularly difficult since both protein purification and 
solubility have to be achieved under the same condi- 
tions. Detergents, in particular sodium dodecyl sulfate 
(SDS), are frequently added to aqueous solvents to 
maintain protein solubility. The compatibility with SDS 
is a big advantage of SDS polyacrylaraide gel electro- 
phoresis (SDS-PAGE) over other protein separation 

"techniques. Thus, SDS-PAOB and two-dimensional get 
electrophoresis, which also uses SDS and other deter- 
gents, are the most general and preferred methods for 
the purification of small amounts of proteins, provided 
that activity does not necessarily need to be maintained. 
Lastly, the number of proteins in a given cell system is 
typically in the thousands. Any attempt to identify and 
categorize all of these must use methods which are as 
rapid as possible to allow completion of the project 

. within a reasonable time frame. Therefore, a successful, 
general proteomics technology requires high sensitivity, 
high throughput, the ability to differentiate differentially 
modified proteins, and the ability to quantitatively dis- 
play and analyze all the proteins present In a sample. 

3.2 2-D electrophoresis — mass spectrometry: a common 
Implementation of proteome analysis 

The most common currently used implementation of 
•proteome analysis technology is based on the separation 
of proteins by two-dimensional ([EF/SDS-PAGE) get 
electrophoresis and their subsequent identification and 
analysis by mass spectrometry (MS) or tandem mass 
spectrometry (MS/MS), In 2-DE, proteins are first separ- 
ated by isoelectric focusing (IBR *h e n by SDS- 
PAGE, in the second, perpendicular dimension. Separ- 
ated proteins are visualized at high sensitivity by staining 
or autoradiography, producing two-dimensional arrays of 
proteins. 2-DE gels are, at present, the most commonly 
used means of global display of proteins in complex 



samples. The separation of thousands of proteins has 
been achieved in a single gel 124, 25] and differentially 
modified proteins are frequently separated. Due to the 
compatibility of 2-DE with high concentrations of deter- 
gents, protein denaturants and other additives promoting 
protein solubility, the technique Is widely used. 

The second slep of this type of proteome analysis is the 
identification and analysis of separated proteins. Individ- 
ual proteins from polyacrylaraide gels have traditionally 
been identified using //-terminal sequencing [26, 27}, 
internal peptide sequencing [28, 2% immurioblotting or 
comigration with known proteins (30). The recent dra- 
matic growth of large-scale genomic and expressed 
sequence tag (ESI) sequence databases has resulted ina 
fundamental change in the way proteins are identified |y 
their amino acid sequence. Rather than by the traditional 
methods described above, protein sequences are now fre- 
quently determined , by correlating mass spectral or 
tandem mass spectral data of peptides derived from pro- 
teins, with the information contained in sequence data- 
bases P 1-33 J. 

There are a number of alternative approaches to pro- 
teome analysts currently under development. There is 
considerable interest in developing a proteome analysis 
stragegy which bypasses 2-DE altogether because it is 
considered a relatively slow and tedious process, and 
because of perceived difficulties in extracting proteins 
from the gel matrix for analysts. However, 2-DE as a 
starting point for proteome analysis has many advan- 
tages compared to other techniques available today. The 
most significant strengths of the 2-DB-MS approach 
include the relatively uniform behavior of proteins in 
gels, the ability to quantify spots and the high resolution 
and simultaneous display of hundreds to thousands of 
proteins within a reasonable time frame. 

A schematic diagram of a typical procedure of the identi- 
fication of gel-separated proteins is shown in Pig. 2. Pro- 
tein spots detected in the gel are enzymatically or chemi- 
cally fragmented and the peptide fragments are Isolated 
for analysis, as already indicated, most frequently by MS 
or MS/MS. There are numerous protocols for the gener- 
ation of peptide fragments from gel-separated proteins. 
They can be grouped into two categories, digestion in 
the gel slice [28, 34] or digestion after electrotransfer out 
of the gel onto a suitable membrane ([29, 35-37] and 
reviowed in (38J). In most instances either technique is 
applicable and yields good -results. The analysis of MS or 
MS/ MS data is an important step in the whole process 
because MS instruments can generate an enormous 
amount of information which cannot easily be managed 
manually. Recently, a number of groups have developed 
software system's dedicated to the use of peptide MS 
and MS/ MS spectra for the identification of proteins. 
Proteins are identiQed by correlating the information 
contained in Che MS spectra of protein digests or 
MS/MS spectra of individual peptides with data con- 
tained in DNA or protein sequence databases. 

The systems we are currently using In our laboratory are 
based on the separation of the peptides contained in pro- 
tein digests by narrow bore or capillary liquid chromatog- 
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fl* «rc * Schematic digram of a procedure for identification of ael- 
sepaitted proteins. Peptides can either be separated by a technique 
such as LC or CE, or infused as a mixture and sorted in the MS. Dit** 
base learcbJng can either be performed on peptide masses from an 
MS spectrum, peptide fragment misses from CID spectra of peptides, 
or a combination or both. 



raphy [39, 40] or capillary electrophoresis (411, the anal- 
ysis of the separated peptides by clectrospray ioniza- 
tion (ESI) MS/MS, and the correlation of the generated 
peptide spectra with sequence databases using the 
SEQUBST program developed at the University of Wash- 
ington [32, 33 J. The system automatically performs the 
following operations: a particular peptide ion character- 
ized by its mass-to-charge ratio is selected in the MS out 
of all the peptide ions present in the system at a parti- 
cular time; the selected peptide ion is collided in a colli- 
sion cell with argon (collision-induced dissociation, 
CID) and the- masses of the resulting fragment ions are 
determined in the second sector of the tandem MS; this 
experimentally determined CID spectrum is then corre- 
lated with the CID spectra predicted from all the pep- 
tides in a sequence database which have essentially the 
same mass as the peptide selected for CID; this correla- 
tion matches the isolated peptide with a sequence seg- 
ment in a database and thus identifies the protein from 
which the peptide was derived. There are a number of 
alternative programs which use peptide CID spectra for 
protein identification, but we use the SEQUBST system 
because it is currently the most highly automated pro- 
gram and has proven to be successful, versatile and 
robust, 

3 J Protein identification by LC-MS/MS, capillary 
LC-MS/MS mad CE-MS/MS 

It has been demonstrated repeatedly that MS has a very 
high intrinsic sensitivity. For tbe routine analysis of gel- 
separated proteins at high sensitivity, the most signif- 
icant challenge is the handling of small amounts of 
sample. The crux of the problem is the extraction and 
transferal of peptide mixtures generated by the digestion 
of low nanogram amounts of protein, from gels into the 
MS/MS system without significant loss of sample or 
introduction of unwanted contaminants. We employ 
three different systems for introducing gel-purified sam- 
ples into an MS, depending on the level of sensitivity 
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required. As an approximate guideline, for samples con- 
taining tens of picomotes of peptides, LC-MS/MS is 
most appropriate; for samples containing low picomole 
amounts to high fern to mole amounts we use capillary 
' LC-MS/MS} and for samples containing femtomoles or 
less, CE-MS/MS is the method of choice. 

33 A LC-MS/MS 

The coupling of an MS to an HPLC system using a 
0.5 mm diameter or bigger reverse phase (RF) column 
has been described in detail [42]. This system has several 
advantages if a large number of samples are to be ana- 
lyzed and all are available in sufficient quantity. The 
LC-MS and database searching program can be run In a 
fully automated mode using an autosampter, thus maxi- 
mizing sample throughput and minimizing the need for 
operator interference. The relatively large column is 
tolerant of high levels of impurities from either gel prep- 
aration or sample matrix. Lastly, if configured with a 
Gow-splitter and micro-sprayer 140], analyses can be per- 
formed on a small fraction of the sample (less than 5%) 
while the remainder of the sample is recovered in very 
pure solvents. This latter feature is particularly useful 
when an orthogonal technique is also used to analyze 
peptide fractions, such as scintillation of an introduced 
radiolabel, and this data can be correlated with peptides 
identified by CID spectra. 

333 Capillary LC-MS 

An increase of sensitivity of approximately tenfold can be 
achieved by using a capillary LC system with a 1(H) urn ID 
column rather than a 0.5 mm ID column as referred to 
above. Since very low flow rates are required for such 
columns, most reports have used a precolumn flow split- 
ting system for producing solvent gradients. We have 
recently desribed the design and construction of a novel 
gradient mixing system which enables. the formation 
of reproducible gradients at very low flow rates (low 
nL/min) without the need for flow splitting (A. Ducret 
ct a/., submitted for publication). Using this capillary 
LC-MS/MS system we were able to identify gel-separat- 
ed proteins if low picomole to high femtomof e amounts 
were loaded onto the gel f40J. This system is as yet not 
automated and, like all capillary LC systems, is prone to 
blockage of the columns by microparttcutates when ana- 
lyzing gel-separated proteins. 

333 CE-MS/MS 

The highest level of sensitivity for analyzing gel-sep- 
arated proteins can be achieved by using capillary elec- 
trophoresis - mass spectrometry (CE-MS). We have de- 
scribed in the past a solid-phase extraction capillary elec- 
trophoresis (SPE-CB) system which was used with triple 
quadrupole and ion trap ESI-MS/MS systems for the 
identification of proteins at the low femtomole to sub- 
femtomoie sensitivity level {43, 44]. While this system is 
highly sensitive, its operation is labor-intensive and its 
operation has not been automated. In order to devise an 
analytical system with both the sensitivity of a CB and 
the level of automation of LC, we have constructed 
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nucrofabricated devices for the introduction of samples 
into fiSl-MS for high-sensitivity pepUde analysis. 

The basic device is a piece of glass into which channels 
of 10-30 urn in depth and 50-70 urn in diameter ace 
ached by using photolithography/etching techniques 
similar to the ones used in the semiconductor industry. 
(A simple device is shown in Fig. 3). The channels are 
connected to an external high voltage power supply 145]. 
Samples arc manipulated on the device and off the 
device to the MS by applying different potentials to the 
reservoirs. This creates a solvent flow by electroosmotic 
pumping which can be redirected by changing the posi- 
tion of the electrode. Therefore, without the need for 
valves or gates and without any external pumping, the 
flow can be redirected by simply switching the position 
of the electrodes on the device. The direction and rate of 
the flow can be modulated by the size and the polarity 
of the electric field applied and also by the charge state 
of the surface. 

The type of data generated by the system is illustrated in 
Fig. 4, which shows the mass spectrum of a peptide sample 
representing the tryptic digest of carbonic an hydras e at 
290 fmoi/uL. Each numbered peak indicates a peptide suc- 
cessfully identified as being derived from carbonic an- 



fTftfM y Schematic Illustration of a 
microfibrille* analytical system for CB, 
consisting of a microma chined device, 
coated capillary electrooimotic pump, ' 
and microelectrospray Interface. The 
dimensions of the channels and reservoir • 
ara at Indicated In the text The channels - 
on the device were graphically enhanced 
to make them more visible. Reproduced 
0001.(451, with permission. 

hydrase. Some of the unassigned signals may be chemical \ 
or peptide contaminants. The MS is programmed to auto- 
matically select each peak and subject the peptide to CID. 
the resulting CID spectra are then used to identify the 
protein by correlation with sequence databases. Therefore, »" 
this system allows us to concurrently apply a number of ; 
protein digests onto the device, to sequentially mobilize . 
the samples, to automatically generate CID spectra of 
selected peptide ions and to search sequence databases 
for protein identification. These steps are performed auto- 
matically without the need for user input and proteins can 
be identified at very low femtomole level sensitivity at a 
rate of approximately one protein per 15 min. 

3.4 Assessment of 2-DE-MS proteome technology 

Using a combination of the analytical techniques de- 
scribed above we have identified the 80 protein spots 
indicated in Fig. 5. The protein pattern was generated by 
separating a total of 40 microgram of protein contained 
in a total cell lysate of the yeast strain YPH499 by high 
resolution 2-DB and silver staining of the separated pro- 
teins, lb estimate how far this type of proteome analysis 
can penetrate towards the identification of low abun- 
dance proteins, we have calculated the cod on bias of the 
genes encoding the respective proteins. Codon bias is a 
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Figure 4. MS spectrum or a tryptic digest 
of carbonic aobydrase wring the micro fa- 
bricated system shown to Fig. 3. 290 
fmoi/uL of carbonic anfaydrase Cryptic 
digest was infused Into a Finnlgan LCQ 
ion (rap MS. Each peak was selected for . 
CID, and (hose which were Identified as 
containing peptides derived from car- 1 
bonlc anhydrase are numbered. Repro- 
duced from (45 L with permission. • 
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calculated measure of the degree of redundancy of trip- 
let DMA codons used to produce each amino acid in a 
particular gene sequence. It has been shown to be a 
useful indicator of the levet of the protein product of a 
particular gene sequence present in a cell [46]. The gen- 
eral rule which applies is that the higher the value of the 
codon bias calculated for a gene, the more abundant the 
protein product of that gene becomes. The calculated 
codon bias values corresponding to the proteins identi- 
fied in Fig. 5 are shown in Fig. 6b. Nearly all of the pro- 
teins identified (> 95%) have codon bias values of > 0.2, 
indicating they are highly abundant in cells. In contrast, 
codon bias values calculated for the entire yeast genome 
(Fig. .6a) show that the majority of proteins present in 
the proteome have a codon bias of < 0.2 and are thus of 
low abundance. 

This finding is of considerable importance in our assess- 
ment of the current status of proteome analysis technol- 
ogy. II is clear that even using highly sensitive analytical 
techniques, we are only able to visualize and identify the 



more abundant proteins. Since many Important regula- 
tory proteins are present only at low abundance, these 
would not be amenable to analysis using such tech- 
niques. This situation would be exacerbated in the anal- 
ysis of proteomes containing many more proteins than 
the approximately 6000 gene products' present In yeast 
cells P6]. In the analysis of, for example, the proteome 
of any human cells; there are. potentially 50000-100000 
geoe products (47). Inherent limitations on the amount 
of protein that can be loaded on 2«DE, and the number 
of components that can be resolved, indicate that only 
the most highly ' abundant fraction of the many gene 
products could be successfully analyzed. One approach 
that has been employed to circumvent these limitations 
is the use of very narrow range immobilized pH gradient 
strips for the first-dimension separation of 2-DE |48|. 
Since only those proteins which focus within the narrow 
range will enter the second dimension of separation, a 
much higher sample loading within the desired range is 
possible. This, in turn, can lead to the visualization and 
identification of less abundant proteins. 
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Figure 6. Calculated codoo bias values for yeast proteins. (A) DUtribu- 
lion of calculated values Tor the entire yeast proteome. (B) Dutribu- 
Uoq of calculated value* for the subset of 10 Identified protdo* also 
shown iu Figs. I and 5. Further aetata of experimental procedures are 
Included in S. P. Gjrgj tt cL (submitted). 



4 Utility of proteome analysis foi biological 
research 

For the success of proteomics as .a. mainstream approach 
to the analysts of biological systems it is essential to 
define how proteomc analysis and biological research 
projects intersect. Without a clear plan for the implemen- 
tation of proteome-type approaches into biological re- 
search projects the full impact of the technology can not 
be realized. The literature indicates that proteome anal- 
ysis is used both as a database/data archive, and as a bio- 
logical assay or biological research tool 

4.1 Hie proteome as a database 

The use of protcomics as a database or data archive 
essentially entails an attempt to identify all the proteins 
In a cell or species and to annotate each protein with the 
known biological ipforraatioa that is relevant for each 
protein. The level of annotation can, of course, be exten- 
sive. The most common implementation of this idea is 
the separation of proteins.by high resolution 2-DE, the 
identification of each detected protein spot and * the 
annotation of the protein spots In a 2-DE gel database 
format. This approach is complicated by the fact that it is 
difficult to precisely define a proteome and to decide 
which proteome should be represented in the database. 
In contrast to the genome of a species, which is essen- 
tially static, the proteome is highly dynamic. Processes 
such as differentiation, cell activation and disease can all 
significantly change the proteome of a species. This is 
illustrated in Fig. 7. The figure shows two high-resolu- 



tion 2-DE maps of proteins isolated from rat serum. 
Pig. 7A Is from the serum of normal rats, while Pig. 7B 
is from the serum of rats in acute-phase serum after 
prior treatment .with an inflammation-causing agent (49]. 
It is obvious that the protein patterns are significantly 
different in several areas, raising the question of exactly 
which proteome is being described. 

Therefore, a comprehensive proteome database of a spe- 
cies or cell type needs to contain all of the parameters 
which describe the state and the type of the cells from 
which the proteins were extracted as well as the software 
tools to search the database with queries which reflect 
the dynamics of biological systems. A comprehensive 
proteome database should be capable of quantitatively, 
describing the fate of each protein if specific systemj 
and pathways are activated in the cell. Specifically, the 
quantity, the degree of modification, the subcellular loca- 
tion and the nature of molecules specifically interacting 
with a protein as well as the rate of change of these 
variables should be described. Using these admittedly 
stringent criteria, there is currently no comiete proteome 
database. A number of such databases are, however, in 
the process of being constructed, the most advanced 
among them, in our opinion, are the yeast protein data- 
base YPD I50J (accessible at http://www.ypd.com) and 
the human 2D-PAOB databases of the Danish Centre 
for Human Genome Research (12] (accessible at http:// 
blobase.dk/cgi-bin/celis). While neither can be con- 
sidered complete as not all of the potential gene pro* 
ducts are identified, both contain extensive annotation 
of supplemental information for many of the spots 
which are positively identified In reference samples. 

4.2 The proteome as a biological assay 

The use of proteome analysis as a biological assay or 
research tool represents an alternative approach to inte- 
grating biology with proteomics. To investigate the state 
of a system, samples are subjected to a specific proceess 
that allows the quantitative or qualitative measurement 
of some of the variables which describe the system. In 
typical biochemical assays one variable (e.g. t enzyme 
activity) of a single component (e.g., a particular en- 
zyme) is measured. Using proteomics as an assay; mul- 
tiple variables (e.g., expression level, rate of synthesis, 
phosphorylation state, etc.) are measured concurrently 
on many (ideally all) of the proteins in a sample. The 
use of proteomics as an assay is a less far-reaching prop- 
osition than the construction of a comprehensive pro- 
teome database. It does, however, represent a pragmatic 
approach which can be adapted to investigate specific 
systems and pathways, as long as the Interpretation of 
the results takes into account that with current technol- 
ogy not all of the variables which describe the system 
can be observed (see Section 3.4). 

A common implementation of proteome analysis as a 
biological assay is when a 2-DB protein pattern gener- . 
ated from the analysis of an experimental sample is 
compared to an array of reference patterns representing 
different states of the system, under investigation. The 
state of the experimental system at the time the sample 
was generated is therefore determined by the quantita- 
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tive comparative analysis of hundreds to. a few thousand 
proteins. Comparative analysis of the 2-DE patterns fur 
thermore highlights quantitative and qualitative differ- 
ences in the protein profiles which correlate with the 
state of the system. For this type of analysis it is not 
essential that all the proteins are identified or even visu- 



alized, although the results become more informative as 
more proteins are compared. It is obvious, however, thai 
the possibility to identify any protein deemed character- 
istic for a particular state dramatically enhances this 
approach by opening up new avenues for experimenta- 
tion. 
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Figure I High resolution 2-DE map of proteins isolated from ral serum with or without prior exposure lo an inflam- 
mation-causing agent. (A) normal rat serum, (B) acute-pbase serum from rats which had preriously been exposed to 
an inflammation-causing agent. The first dimension of separation is an IPO from pH 4-10, and the second dimen- 
sion is a 7.5-l7.5%T gradient SDS-PAGE gel. Proteins were visualized by staining with araido black. Further details 
of experimental procedures are included in (14, 49}. 
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Proteome analysis as a biological assay has been success- 
fully used in the field of toxicology, to characterize 
disease states or to study differential activation of cells. 
The approach is limited, of course, by the fact that only 
the visible protein spots are included in the assay* and it 
is well known that a substantial but far from complete 
fraction of cellular proteins are detected if a total cell 
lysate is separated by 2-DB. Proteins may not be 
detected in 2-DB gels because they are not abundant 
enough to be visualized by the detection method used, 
because they do not migrate within the .boundaries (size, 
pi) resolved by the gel, because they are not soluble 
under the conditions used, or for other reasons. 

A different way to use proteome analysis as a biological 
assay to define the state of a biological system is to take 
advantage of the wealth of information contained in 
2-DE protein patterns. 2-DE is referred to as two-dimen- 
sional because of the electrophoretic mobility and the 
isoelectric points which define the position of each pro- 
tein in a 2-DB pattern. In addition to the two dimen- 
sions used to generate the protein patterns, a number of 
additional data dimensions are contained in the protein 
patterns. Some of these dimensions such as protein 
expression level, phosphorylation state, subcellular loca- 
tion, association with other proteins, rate of synthesis or 
degradation indicate the activity state of a protein or a 
biological system. Comparative analysis of 2-DB protein 
patterns representing different states Is therefore ideally 
suited for the detection, identification and analysis of 
suitable markers. Once again it must be emphasized that 
in this type of experiment only a traction of the cellular 
proteins is analyzed Since many regulatory proteins are 
of low abundance, this limitation is a concern, particu- 
larly in cases in which regulatory pathways are being 
investigated. 

5 Concluding remarks 

In this report we have addressed three main issues 
related to proteome analysis. First, we have discussed 
the rationale for studying proteomes. Second, we have 
assessed the technical feasibility of analyzing proteomes 
and described current proteome technology, and third, 
we have analyzed the utility of proteome analysis for bio- 
logical research. It is apparent that proteome analysis is 
an essential tool In the analysis of biological systems, 
the multi-level control of protein synthesis and degrada- 
tion in cells means that only the direct analysis of 
mature protein products can reveal their correct identi- 
ties, their relevant state of modification and/or associa- 
tion and their amounts. . Recently developed methods 
have enabled the identification of proteins at ever* 
increasing sensitivity levels and at a high level of auto- 
mation of the analytical processes. A number of tech- 
nical challenges, however, remain. While it is currently 
possible to identify essentially any protein spots that can 
be visualized by common staining methods, it is ap- 
parent that without prior enrichment only a relatively 
small and highly selected population of long-lived, 
highly expressed proteins is observed. There are many 
more proteins in a given cell which are not visualized by 
sucn methods. Frequently it is the low abundance pro- 
teins that execute key regulatory functions. 



We have outlined the two principal ways proteome anal* 
ysis is currently being used to intersect with biological 
research projects: the proteome as a database or data 
archive and proteome analysis, as a biological assay. Both 
approaches have in common that at present they are con- 
ceptually and technically limited. Current proteome data- 
bases typically are limited to one cell type and one state 
of a cell and therefore do not account for the dynamics 
of biological systems. The use of proteome analysis as a 
biological assay can provide a wealth of information, but 
it is limited to the proteins detected and is therefore not 
truly proteome-wide. These limitations in proteomics are 
to a large extent a reflection of the fact that proteins in 
their fully processed form cannot easily be amplified and 
are therefore difficult to isolate tn amounts sufficientfor 
analysis or experimentation. The fact that to datefno 
complete proteome has been described further attest! to 
these difficulties. With continued rapid progress in pro- 
tein analysis technology, however, we anticipate that the 
goal of complete proteome analysis will eventually 
become attainable. 
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from (he National Science Foundation Science and Technol- 
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High-throughput technologies, such as proteomic screening and DNA micro-arrays, produce vast 
amounts of data requiring comprehensive analytical methods to decipher the biologically relevant 
results. One approach would be to manually search the biomedical literature; however, this would be 
an arduous task. We developed an automated literature-mining tool, termed MedGene. which 
comprehensively summarizes and estimates the relative strengths of all human gene-disease 
relationships in Medline. Using MedGene, we analyzed a novel micro-array expression dataset 
comparing breast cancer and normal breast tissue in the context of existing knowledge. We found no 
correlation between the strength of the literature association and the magnitude or the difference in 
expression level when considering changes as high as 5-fold; however, a significant correlation was 
observed (r « 0.41; p « 0.05) among genes showing an expression difference of 10-fold or more. 
Interestingly, this only held true for estrogen receptor (ER) positive tumors, not ER negative. MedGene 
identified a set of relatively understudied, yet highly expressed genes in ER negative tumors worthy of 
further examination. 

Keywords: bioinfbrmatics . micro-array ♦ text mining • gene-disease association ♦ breast cancer 



Introduction 

At its current pace, the accumulation or biomedical literature 
outpaces the ability of most researchers and clinicians to stay 
abreast of their own immediate fields, let alone cover a broader 
range of topics. For example, to follow a single disease, e.g.. 
breast cancer, a researcher would have had to scan 130 different 
journals and read 27 papers per day in 1999J This problem is 
accentuated with high- throughput technologies such as DNA 
micro-arrays and proleomics, which require the analysis of 
large datascts involving thousands of genes, many of which are 
unfamiliar to a particular researcher. In any tnlcroarray experi- 
ment, thousands of genes may demonstrate statistically sig- 
nificant expression changes, but only a fraction of these may 
be relevant to the study. The ability to interpret these datasets 
would be enhanced if they could be compared to a compre- 
hensive summary of what is known about all genes. Thus, there 
is a need to summarize existing knowledge in a format that 
allows for the rapid analysis of associations between genes and 
diseases or other specific biological concepts. 

One solution to this problem is to compile structured digital 
resources, such as the Breast Cancer Gene Database 1 and the 
Tumor Gene Database. 2 However, as these resources are hand- 
curated. the labor- Intensive review process becomes a rate- 
limiting step In the growth of the database. As a result, these 
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databases have a limited scale and the genes are not selected 
In a systematic fashloa 

An alternative approach is automated text mining; a method 
which Involves automated Information extraction by searching 
documents for text strings and analyzing their frequency and 
context. This approach has been used successfully in several 
instances for biological applications. In most cases, It has been 
applied to extract information about the relationships or 
interactions that proteins or genes have with one another, in 
the literature or by functional annotation. 3 " 7 Thus far. few 
publication have applied text-mining to examine the global 
relationships between genes and diseases. Perez-lratxeta et al. 
automatically examined the GO (Gene Ontology) annotation 
of genes and their predicted chromosomal locations in order 
to identify genes linked to inherited disorders. 8 

To obtain a more global understanding of disease develop- 
ment it would be valuable to Incorporate Information regarding 
all possible gene-disease relationships, including biochemical, 
physiological, pharmacological, epidemiological, as well as 
genetic. This Information would enable comprehensive com- 
parisons between large experimental datasets and existing 
knowledge in the literature. This would accomplish two things. 
First, It would serve to validate experiments by demonstrating 
that known responses occur as predicted. Second, it would 
rapidly highlight which genes are corroborated by the literature 
and which genes are novel In a given context. We have utilized 
a computational approach to literature mining to produce a 
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comprehensive set of gene-disease relationships. In addition, 
we have developed a novel approach to assess the strength or 
each association based on the frequency of citation and co- 
ciiation. We applied this tool to help Interpret the data from a 
large micro-array gene expression experiment comparing 
normal and cancerous breast tissue. 



Methods 

MedGene Database. MedCene is a relational database, stor- 
ing disease and gene information from NCBI, text mining re- 
sults, statistical scores, and hyperlinks to the primary lit- 
erature. MedGene has a web-based user Interface for users to 
query the database (http://Wpseq.medJiarvard.edii/MedCeney). 

Text Mining Algorithms. MeSH files were downloaded from 
iheMeSH web siteatNLM (Nation Library of Medicine) (http:// 
www.nlm.niKgov/mesh/meshhome.htmi) and human disease 
categories were selected. LocusUnk files were downloaded from 
the LocusLink web site at NCBI .(http://www.ncbl.nih.gov/ 
LocusUnk/). Official/preferred gene symbol, official/preferred 
gene name, and gene alternative symbols and names, all 
relevant annotations and URLs for each*U>cusLink record, were 
collected. Cene search terms were used for literature searching 
and included all qualified gene names, gene symbols, and gene 
family terms. Primary gene keys, predominantly qualified gene 
family terms and gene official/preferred symbols, were used 
to index Medline records. If the official/preferred gene symbols 
did not meet the standards to be an index, then qualified gene 
official/preferred names were used. A local copy of Medline 
records (up to July, 2002) was pre-selected. 

A JAVA module examined the MeSH terms and then indexed 
each Medline record with the appropriate disease terms. A 
separate JAVA module was used to examine the tides and 
abstracts for gene search terms and then to index the gene- 
related Medline records with the relevant primary gene key(s). 

Statistical Methods. For every gene and disease pair, we 
counted records that were indexed for both gene and disease 
(dou6le positive hits), for disease only (disease single hits), for 
gene only (gene single hits), and for neither gene nor disease 
(double negative hits) to generate a 2 x Z contingency table. 
On the basis of the contingency table-framework, we applied 
dilTerent statistical methods to estimate the strength of gene- 
disease relationships and evaluated the results. These methods 
included chi-square analysis. Fisher's exact probabilities, rela- 
tive risk of gene, and relative risk , of disease 16 (http:// 
hipseq.med.harvard.edu/MedCene/). In addition, we computed 
the "product of frequency", which is the product of the 
proportion of disease/gene double hits to disease single hits 
and the proportion of disease/gene double hits to gene single 
hits. To obtain a normal distribution, we transformed all the 
statistical scores using the natural logarithm. We selected the 
log of the product of frequency (LPF) to validate MedGene and 
to use for the analysis with the micro-array data. Spearman 
rank-correlation coefficients were used to assess the linear 
relationship between LPF and micro-array fold change in 
expression level. 

Global Analysis. Diseases with at least 50 related genes were 
selected for clustering analysis, and the LPF scores were 
normalized with total score for each disease. Hierarchical 
clustering was done with the "Cluster" software and the 
clustering result was visualized using TreeViewer" (http:// 
rana.lbl.gov/EisenSoftware.htm). 
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Breast Tissue Micro-Arrays. Eighty-nine breast cancer 
samples (79% ER-posltive) and 7 normal breast tissue samples 
were selected from the Harvard Breast SPORE frozen tissue 
repository and were representative of the spectrum of histo- 
logical types, grades, and hormone receptor immunopheno- 
types of breast cancer. Blottnylated cRNA. generated from the 
total RNA extracted from the bulk lurnor, was hybridized lo 
Aflymetrix U95A oKgo-nucleotide micro-arrays. These micro- 
arrays consist of 1 2 400 probes, which represent approximately 
9000 genes. Raw expression values were obtained using GENE- 
CHIP software from Alfymetrix, and then further analyzed using 
the DNA-Chip Analyzer (dChip) custom software. 

Results 

Automated Indexing of Medline Records by Disease and 
Gene. To study the gene-disease associations in the literature, 
we flrst compiled complete lists for human diseases and human 
genes. To Index all Medline records that were relevant to 
human diseases, the Medical Subject Heading (MeSH) index 
of Medline records was utilized. MeSH is a controlled medical 
vocabulary from the National Library of Medicine and consists 
of a set of terms or subject headings that are arranged in both 
an alphabetic and an hierarchical structure. Medline records 
are reviewed manually and MeSH terms are added to each with 
software assistance. 9 - 10 Twenty-three human disease category 
headings along with all of their child terms (see the Supporting 
Information, Supplemental Table 1. or visit http://hlpseq. 
med.harvard.edu/MedGene/pubUcation/s.Table I. html) were 
selected from the 2002 MeSH index creating a list of 4033 
human diseases. 

No index comparable to the MeSH Index exists for genes, 
and thus. it was necessary to apply a string search algorithm 
for gene names or symbols found in Medline text, A complete 
list of genes, gene names, gene symbols, and frequently used 
synonyms were collected from the LocusUnk database at 
NCBI. 11 - 11 which contains 53 259 Independent records keyed 
by an official gene symbol or name (June 18 th , 2002). For the 
purposes of this study, no distinction was made between genes 
and their gene products. Authors often use the same name for 
both, differentiating the two only by the use of Italics, If at all. 
For the intended use of this study, this lack of distinction is 
unlikely to have a large effect and may in Tact be beneficial. 

Initial attempts to search the literature using these lists 
revealed several sources of false positives and false negatives 
(Table I). False positives primarily arose when the searched 
term had other meanings, whereas false negatives arose from 
syntax discrepancies necessitating the development of filters 
to reduce these errors. The syntax issues were readily handled 
by including alternate syntax forms in the search terms. The 
false positive cases, caused by duplicative and unrelated 
meanings for the terms, were more difficult to manage. Where 
possible, case sensitive string mapping reduced inappropriate 
citations. In many cases, however, this was not sufficient and 
the terms had to be eliminated entirely, thereby reducing the 
false positive rate but unavoidably under-representing some 
genes. 

For the purposes of data tracking, a primary gene key was 
selected to represent all synonyms that correspond to each 
gene. Medline records were indexed with a primary gene key 
when any synonym for that key was found In the title or 
abstract. Case- Insensitive string mapping was used for all 
searches except as noted above, No additional weight was 
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Table 1, Systematic Sources of False Positives and False Negatives in Urtfittered Data' 
source of error error lype example 
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filter solution 



gene symbol/name 
Is not unique 



gene symbol is 

unrelated abbreviation 
gene symbol/name 

has language meaning 
nonstandard syntax 
unofficial gene name/symbol 
nonspectfled gene name 



false positive 

false positive 

false positive 

false negative 
false negative 
false negative 



MAG-myelln 

associated glycoprotein 
MA C-rrwlignancy- associated 

protein 

Pi4-pallid.homologue (mouse), 
paiiidin (also abbrev. for Pennsylvania) 

MS-Wlskott-Aldrich Syndrome 
(also the word "was") 

BAC'l instead of BAGt 

P53 instead of TP53 

estrogen receptor Instead of 
Estrogen receptor 1 



eliminate this term 

eliminate this term 

case-sensitive string search 

add dash term 

add all gene nicknames 

add family stem term 



* In preliminary studies, Medline was searched for cooccurrence of genes and diseases and the res ulUng output w» wluaied to ^^«"» *«™ 
w ere a^^toSmxv*. Each error source is categorized by the type of error it causes: false positives are suggested r^ttooshlps ^^ot real and 
ISn^^rer^teUor^ips that ere urufeneprese^d. The Alter solutions used are indicated Note that in some cases, tr* Oiler solution Itself introduces 
error. In general, error rotes maximized sensitivity, even at the expense of specificity If needed. 



added for multiple occurrences of a term or the co-occurrence 
of multiple synonyms for the same gene Key. 

Medline records were searched with all qualified gene 
IdentlBers. such as the official/preferred gene symbol, the 
official/preferred gene name, all gene nicknames and all syntax 
variants. In situations where there are several members of a 
gene family or splice variants, some authors prefer to use a 
shortened gene family name, eg., estrogen receptor instead of 
estrogen receptor 1 {ESRQ, creating a source of false negatives. 
For this reason, gene family stem terms were created for all 
genes that have an alpha or numerical suffix (e.g., IL2RA, TGFp. 
ESRl etc.) and then used to search the literature. The family 
stem terms were handled separately from the specific gene 
names so that it would be clear when linkages were made to 
the gene family versus a specific member in that family. 

To improve performance and accuracy, some pre-seleclion 
was applied to the records that were scanned. First, review 
articles were eliminated to avoid redundant treatment of 
citations. Second. non-English Journals were removed because 
the natural language filters were only relevant to English 
publications. Finally, journals unlikely to contain primary data 
ebout gene-disease relationships were also removed (e.g.. Int. 
J, Health Educ, Bedside Nurse, and J. Health Econ). Together, 
these rdters reduced the 12 198 221 Medline publications (July 
2002) by 37%. 

Ranking the Relative Strengths or Gene- Disease Associa- 
tions. In total, there were 618 708 gene-disease co-citations, 
in which 16% (8207) of all studied genes had been associated 
to a disease and 96% (3875) of all diseases had been associated 
to at least one gene. To rank the relative strengths of gene 
disease relationships, we tested several different statistical 
methods and examined the results. With the exception of the 
relative risk estimates, the methods provided similar results 
with respect to the rank order of the gene-disease association 
strengths. However, after comparing the results to other 
databases and after consulting disease experts, the log of the 
product of frequency (LPF) was selected for Further analysis 
because it gave the best results overall. 

Validation of MedGene. In developing this tool it was 
Important to minimize die number of missed genes (false 
negatives) and miscalled genes (false positives). However. In 
situations when these goals were in conflict, inclusiveness was 
prioritized. To determine the false negative rate In MedGene, 
breast cancer was used as a test case because it was associated 
with more genes than any other human disease and because 




Figure 1, Estimation of the false negative rate by comparison 
with hand-cureted databases. The breast cancer-related genes 
identified by MedGene were compared with those listed in 
several other databases including the Tumor Gene Database 
(TGD), 2 the Breast Cancer Gene OatabasetBCG), 1 GeneCards 
(GC)" and Swissprot. 1 ' Genes were considered false negatives 
<f they were represented in at least one of these other databases 
and not in MedGene and their link to breast cancer was sup- 
ported by at least one literature reference. All literature references 
were verified by manual review to confirm their validity. The 
number of genes in each database or shared by more than one 
database is indicated. The false negative rate was calculated by 
genes missed at MedGene (26)/total number of nonover lapping 
genes in other databases (285). 

there were several public databases that link genes to breast 
cancer. We compared the list of breast cancer-related genes 
from MedGene to these databases, illustrated in Figure 1, 
Among the 285 distinct breast cancer-related genes that were 
supported by at least one literature citation In these hand- 
curated databases, 26 were absent from MedGene. suggesting 
a false negative rate of approximately 9%. To determine why 
these were missed, all literature references for these genes (80 
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oaoers) were reviewed manually (see the Supporting Informa- 
tion Supplemental Table 2, or visit http://hlpseq.med. 
harvard cdu/MedGene/publlcatlon/^TaWe 2,html). Among 
these papers, most false negatives were caused by nonstandard 
oene terms or gene terms eliminated by our specificity filters. 
Few genes were missed because they were only mentioned in 
review papers (0.4%) or ihey appeared only in the body of the 
manuscript but not the abstract or Utie (1.1%). Of note. 
MedCene Identified approximately 2000 additional breast 
cancer-related genes not listed in any other database. 

To assess the false positive error rate, two complementary 
approaches were used: a detailed analysis of one disease and 
a globaJ examination of 1000 diseases. The detailed approach 
examined the false positive error rate and Its sources, whereas 
the global approach tested whether the overall results made 
biomedical sense. 

Using the LPF. M67 genes related to prostate cancer were 
assembled in rank order. We then retrieved approximately 300 
Medline records each for the highest ranked 100 and the lowest 
ranked 200 genes and manually reviewed the titles and 
abstracts to determine the verity of the association. Nearly 80% 
or the highest ranked 100 genes, fell into one of the five 
categories that reflect meaningful gene-disease relationships 
(see the Supporting Information. Supplemental Table 3. or visit 
http://hlpseq.med.harvard.edu/MedGene/publlcatlon/ 
s Table 3.html). Among the lowest ranked. 200 genes, ap- 
proximately 70% reflected true relationships. Of the 600 records 
reviewed, there were only two in which the association between 
the gene and the disease was described as negative. Both were 
genes with very low scores. In both cases, the authors did not 
argue the absence of any relationship, but rather that a 
particular feature of the gene or protein was not shown to be 
related to human prostate cancer,' 1 " 

The coincidence of some gene symbols with medical ab- 
breviations, chemical abbreviations and biological abbrevia- 
tions resulted In most of the false positives (see the Supporting 
Information, Supplemental Table 4. or visit http://hipse- 
q med.liarvard.edu/MedCene/publication/sjrable 4.html). env 
* phasizing the Importance of the niters that were added In the 
search algorithm (Table l). Without the filters, the false positive 
rate more than doubled, and the false negative rate rose 
dramatically (data not shown). For example, among the papers 
about breast cancer, there were only 12 Medline records that 
referred to ESRl and 10 to ESR2, whereas almost 2000 papers 
mentioned estrogen receptor without specifying ESRl or £SR2> 
this latter group was detected by the family stem term filter. 

To further validate these results, a global analysis of the gene- 
disease relationships described by MedCene was performed. 
For this experiment, it was reasoned that the more closely 
related the diseases are to one another, the more they will be 
related to the same gene sets. Thus. If the relationships defined 
by MedGene accurately reflected the literature, then an unsu- 
pervised hierarchical clustering of the gene data should group 
diseases in a manner consistent with common medical think- 
ing. Converscry, if the clustered diseases do not make sense 
biologically or medically, it may reflect excessive false positives, 
false negatives, or inappropriate scoring of the data. 

To execute tills experiment, the gene sets and the corre- 
sponding LPF values for 1000 randomly selected diseases (each 
with at least 50 gene relationships) were used as a datasei for 
clustering the diseases. A review of the results showed that the 
resulting disease clusters were indeed logical based upon 
common medical knowledge (see the Supporting Information. 

408 Journal of Proteorne Research • Vol. 2, No. 4. 2003 



Hu et al. 

Supplemental Figure 1. or visit htt{i://liipseq.med.harvard.edu/ 
MedCene/publicauon/s Figure l.html). For example, in one 
such cluster shown In Figure 2. diabetes and its complications 
grouped together and were also closely linked to diseases 
associated with starvation states. 

The number of genes associated with a tfven disease can 
be estimated by adjusting the MedCene number up by the fclse 
negative rate (-9%) and down by the false positive rate (-26% 
on average). Using this, the average disease has 103.7 ± 45.3 
(mean ± s.d.) genes associated with it, although the range is 
quite broad with 2359 genes related to breast cancer, 2122 
genes related to lung cancer and no genes related to a number 
of diseases. 

Applying MedCene to the Analysis of Large Datasets. Access 
to a comprehensive summary of the genes linked to human 
diseases provided an opportunity to analyze data obtained from 
a high-throughput experiment. We compared the MedGene 
breast cancer gene list toa gene expression data set generated 
from a micro-array analysis comparing breast cancer and 
normal breast tissue samples. Micro-array analysis Identified 
2286 genes that had greater than a 1-fold difference In mean 
expression level between breast cancer samples and normal 
breast samples. Using MedCene. we sorted the 2286 genes into 
four classes: 555 genes directly linked to breast cancer in the 
literature by gene term search (first-degree association by gene 
name); 328 genes dlrecdy linked by family term searcji (first- 
degree association by family term); 1021 genes linked to breast 
cancer only through other breast cancer genes (second-degree 
association); and 505 genes not previously associated with 
breast cancer. (See the Supporting information. Supplemental 
Figure 2, or visit htup://hlpseq.n^.harvard.edu/MedGene/ 
publication/s^Figure 2.html.) Among the 505 previously un- 
related genes. 467 were either newly identified genes or genes 
that had not previously been associated with any disease. 
Among the remaining 38 genes, 9 had been related to other 
cancers, specifically esophageal, colon, uterine, skin, and cervix. 

To determine whether the genes highlighted by the micro- 
array analysis were more likely to have been previously linked 
to breast cancer In the literature; we created a two-dimensional 
plot of the fold change of expression level between breast 
cancer and normal tissue versus the literature score (LPF) 
(Figure 3A). There was a broad spread of expression changes 
among the genes directly linked to breast cancer ranging from 
less than l-fold change (68%) to over 40-fold (0.3%). Notably, 
the majority of genes with greater than 10-fold expression 
changes were linked to breast cancer by first-degree associa- 
tion. 

Among all 754 genes directly linked to breast cancer in the 
literature, there was no correlation between LPF and micro- 
array fold change (r - O.GIB, p-vatue - 0 62). However when 
we stratified the analysis based on the magnitude of the fold 
change, we observed an increasing trend in correlation (Figure 
3B) suggesting that genes with a more substantial change In 
expression level were more likely to have a stronger association 
In the literature. For genes that had 10-fold change or more In 
expression level, the correlation increased to 0.41 Rvalue - 
0.05). 

When we evaluated the micro-array data separately for ER 
positive and ER negative tumors, the trend in correlation 
between fold change and literature score was highly dependent 
on estrogen receptor status. Interestingly, there was a similar 
trend in correlation for ER positive tumors, but no trend In 
correlation for ER negative tumors. 
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Figure 2 Global valldaiion by clustering analysis. 2(A). The gene sets and ine corresponding tPF values for 1 000 diseases, each with 
at least 50 gene relationships, were used in an unsupervised clustering of the diseases based on the gene patterns associated with 
them A sample of the data is shown here. 2(B). One of the resulting clusters is shown that corresponds to blood sugar states. Diabetes 
terms (abovlthe line) and starvation states terms (under the line) clustered together. Within these groups, there is also clustering of 
diabetic small vessel complications, altered serum chemistries, nutritional disorders. etc.(Supplemental Figure 1: htip^/hipseq.med. 
rwrvard.edu/MedGene/pub«cation/s,Flgure Lhtml). 



Finally, to validate our findings, we computed similar cor- 
relations between the breast cancer expression data and 
1.PF scores generated by MedGenc for hypertension, a 



disease unrelated to breast cancer. As expected, we did not 
observe an increasing trend In correlation for hyperten- 
sion. 
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Figure 3. Relationship between literature score and functional data for breast cancer. 3A. The data from an expression analysis of 
samples for breast tumors and normal breast tissue were analysed to indicate the fold difference of expression level between breast 
tumor and normal sample (cutoff * 3-fotd change). The fold changes were plotted against the literature score for the same gene set. 
Green dots represent first-degree association by gene search, blue dots represent first-degree association by family search and red 
dots represent no-associati6n. Some well-studied genes, such as BRCA2 (pink circle), are not reflected by a substantial difference in 
expression level Furthermore, the majority of genes that have no association with breast cancer in the literature had less than 10-fold 
expression changes (shaded area). 3B. The Spearman rank-correlation coefficients between literature score (LPF) and the fold change 
of expression level between tumor and normal breast samples (y-axis) in relation to the amount of fold change of expression level 
(x-axis). Gene rank lists were generated for breast cancer (blue) and hypertension (pink). Correlations were also computed between 
the breast cancer gene LPF scores and fold change expression data among estrogen receptor positive tumors only (light blue) and 
estrogen receptor negative tumors only (purple). 
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Analysis of Data Using Advanced Literature Mining 
Table 2. Top 25 Genes Related to Selected Human Diseases* 



research articles 



broasi neoplasms 



Hypertension 


rheumatoid arthritis 


REN 


RA 


DBP 


TNFRSF10A 


LEP 


CRP 


ACT 


AS 


INS 


ESttl 


kallikreln 


HLA-DRBI 


ACE 


DM 


endothetin 


interteukin 


S10QA6 


TNF 


BDK 


tt ft 


DIANPH 


collagen 


SARI 


It 1A 
ILIA 


PIH 


ACR . 


CD59 


TNFRSF12 


ALB 


112 


CYPUB2 


CHI3LI 


MAT2B 


IL8 


angiotensin ' 


Interteukln 1 


receptor 




matrix 


ACTR2 


metailoprotelnase 


NPPA 


interferon 


LVM 


CD68 


PBH 


IL4 


NPY. 


IL17 


POMC 


MMP3 


neuropeptide 


SJL 



estrogen receptor 
PGR 
ERBB2 
BRCAI 
BRCA2 
ECFR 
CYP19 
TFFi 
PSEN2 
TP53 

CES3 

CEACAM5 

ERBB3 
cyclin 
C0X5A 
cachepsin 
ERBB4 

TRAM 

CCNDI 
EGF 
MVCt 

tnsulln-likc 
BCL2 

mucin 
FCF3 

• MedCene results for the top 25 genes associated with breast neoplasms, hypertension, 
ranked by LPF scores. The hypertink to all the papers co-citlng the gene and the J " 
McdCcne/). 



bipolar disorder 


atherosclerosis 
M 


ERDA1 


apolipo protein 


SNAP29 


APOE 


PFKL 


LDLR 


DRD2 


FAN 


TRH 


ARGI 


JMPAB 


APOB 


HTR3A 


APOA1 


DRW 


M$RJ 


REM 


LPL 


KCNN3 


pom 




plasminogen 


DRD4 


activator inhibitor 


HTR2C 


PLC 




vascular cell 


RELN ' 


adhesion molecule 


DBH 


ATOM 


MAOA 


VWF 


COMT 


INS 


HTR2A 


ARC2 


SYNJI 


ABCAI 


1NPPI 


OLRl 


NEDD4L 


collagen 


FRA13C 


MOP 


transducer of 




ERBBZ 


lipoprotein 


BA1AP3 


APOA2 




Intercellular 


ATPIB3 


adhesion molecule 


PROS 


RAB27A 



rheumatoid arthritis, bipolar disorder, and atherosclerosis, respectively, 
is available at MedCene website (http://hipseq.med.harvard.edu/ 



Discussion 

The Human Genome Project heralded a new era in biological 
research where the emphasis on understanding specific path- 
ways has expanded to global studies of genomic organization 
and biological systems. High-throughput technologies can 
provide novel insight into comprehensive biological function 
but also introduces new challenges. The utility of these 
technologies is limited to the ability to generate, analyze, and 
interpret large gene lists. MedCene. a relaUonal database 
derived by mining the Information in Medline, was created to 
address this need. MedCene users can query for a rank-ordered 
list of human gene-disease relationships (Table 2) for one or 
more diseases. Each entry is hyperilnked to the original papers 
supporting each association and to other relevant databases. 

MedCene is an innovative extension of previous text mining 
approaches. Perez-Iratxeta et ai, used the CO annotation and 
their chromosomal locations to predict genes that may con 
tribute to inherited disorders. 8 MedGene takes a broader view 
and Includes all diseases and all possible gene-disease relation- 
ships. Furthermore, MedGene utilizes co-citation lo indicate a 
relationship rather than GO annotation, which is limited to the 
subset of genes that have CO annotation. Our approach Is 
complementary to that taken by Chaussabel and Sher, who 
used the frequency of co-cited terms to cluster genes into a 
hierarchy of gene-gene relationships.* 

A unique aspect of this tool Is the ability to assess the relative 
strengths of gerie-disease relationships based on the frequency 
of both co-citation and single citation. This presupposes that 
most co-cltations describe a positive association, often referred 
to as publication bias' 5 and is supported by our observations 



that negative associations are rare (Supplemental Table 3: 
http://hlpseq.med.harvard.edu/MedGene/publicaUon/s^Ta- 
ble 3.html). Of course, relationships established by frequency 
of co-cltationdo not necessarily represent a true biological link; 
however. It is strong evidence to support a true relationship. 
Another important feature of MedGene is the implementa- 
tion of software filters that substantially reduced the error rate. 
We estimate that less than 10% of all associations were missed 
and at least 70% of even the weakest associations were real. 
For this study, all of the filters that we applied were general 
ones, e.g.. expanding the list of all gene names to address the 
different syntax forms used by different Journals, eliminating 
gene names that correspond to common English words, etc. 
The majority of the remaining search term ambiguities were 
idiosyncratic and difficult to identify systematically without 
causing a significant rise in false negatives. Alternative ap- 
proaches, such as the examination of the nearest neighbor 
terms, need to be considered to further reduce the false positive 
rate. 

It is not uncommon to see expression changes in micro- 
array experiments as small as 2-fold reported In the literature. 
Even when these expression changes are statlsUcally significant, 
it is not always clear If they are biologically meaningful. When 
comparing expression levels of disease to normal tissue, one 
expects an enrichment of known disease-related genes to 
appear in the altered expression group. MedGene provided a 
unique opportunity to test this notion in the context of existing 
knowledge on a novel breast cancer micro-array dataset. For 
genes displaying a 5-fold change or less in tumors compared 
ro normal, there was no evidence of a correlation between 
altered gene expression and a known role In the disease. This 
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Table 3. Genes with Large Expression Changes in ER- but 
Not in ER+ Breast Tumors 



gene symbol 



fold change (ER-r) 



fold change (ER-) 



KRTHB1 

BRS3 

DKKl 

Z1CI 

TLR1 

KIAAQ680 

CDKN3 

EB12 

GZMB 

STK18 

GPR49 

MYOW 

LAD I 

P0LE2 

HMC4 

BCL2LU 

LRP8 

CCNB2 

CCNB2 

FCB 

KNSLi? 

HIF$ 

SBRP1NH2 

YAPI 

LPtlB 

TCEA2 

TFF1 

COU7A1 

POPS 

BPACi 

PDZK1 

VEGFC 

MVC6 

SERPINA5 

MElSl 

CA12 



1.0 
1.2 
1.2 
1.9 
1.0 
2.6 
1.0 
4.0 
3.8 
4.7 . 
1.0 
1.6 
-1.0 
4.2 
4.4 
-1.2 
2.9 
1.0 
4.0 
-4.3 
* 2.9 
3.0 
4.6 
1.0 
-1.3 
-1.1 
1.3 
-4.1 
1.1 
-4.6 
-1.1 
-2.8 
-1.4 
-1.0 
-1.6 
2.4 



610.8 
89.4 
69.8 
59.6 
38.5 
33.2 
30.6 
27.9 
21.9 
18.6 
14.6 
14.4 
13.5 
13.0 
12.9 
12.3 
12.2 
11.8 
11.6 
11.1 
10.9 
10.2 
102 
10.0 
-10.4 
•rlO.8 
-11.4 
-15.7 
-16.2 
-22.3 
-36.8 
-51.5 
-64.9 
-83.1 
-85.9 
-150.3 



Table 3. MedGerte identified a set of relatively understudied, yet highly 
expressed genes in ER negative, but not ER positive breast tumors. All of 
these genes have either never been co-cited with breast cancer or have a 
weok association except those marked with an *. 

\- 

reflects the many genes whose role In breast cancer may not 
involve large changes In expression In sporadic tumors (e.g., 
BRCAl and BRCA2) and genes whose modest changes In 
expression may be unrelated to the disease. Strikingly, among 
genes with a 10-fold change or more in expression level, there 
was a strong and significant correlation between expression 
level and a published role In the disease, providing the first 
global validation of the micro-array approach to identifying 
disease-specific genes. 

The results derived from MedGene have two implications. 
First, a careful hum for corroborating evidence of a role in 
breast cancer should precede any further study of genes with 
less than 5-fold expression level changes. Second, any genes 
with 10-fold changes or more are likely to be related to breast 
cancer and warrant attention. It is likely that this threshold will 
change depending on the disease as well as the experiment. 

Interestingly, the observed correlation was only found among 
ER-positive tumors, not ER-negative. This may reflect a bias 
in the literature to study the more prevalent type of tumor in 
the population. Furthermore, this emphasizes that caution 
must be taken when interpreting experiments that may contain 
subpopulaUons that behave very differently. The MedCene 
approach identified a set of relatively understudied, yet highly 
. expressed genes in ER-negative tumors that are worthy of 
further examination (Table 3). 



Hu et al. 

In conclusion, we have developed an automated method of 
summarizing and organizing the vast biomedical literature. To 
our knowledge, the resulUng database is the most comprehen- 
sive and accurate of its kind. By generating a score that reflects 
the strength of the association* it provides an important tool 
for the rapid and flexible analysis of large datasets from various 
higrMbroughpui screening experiments. Furthermore, it can 
be used for selecting subsets of genes for functional studies, 
for building disease-specific arrays, for looking at genes com- 
mon to multiple diseases and various other high-throughput 
applications. In the future, it will be possible to enhance the 
utility of the MedCene database by building links between 
genes and other MeSH terms as well as other biological 
processes and concepts, such as ceil division and responses to 
small molecules. 
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Supporting Information Available: Twenty-three 
human disease category headings along with ail of their child 
terms selected from the 2002 MeSH index (Supplemental Table 
1); analysis of the causes of false negatives In MedGene 
(Supplemental Table); meaningful gene-disease relationships 
found in MedGene (Supplemental Table 3): causes for incorrect 
assignment of gene indexes (Supplemental Table 4); a review, 
of the results, showing that the resulting disease clusters were 
indeed logical (Supplemental Figure 1); and a review of the 
results showing that among the 505 previously unrelated genes, 
467 were either newly identified genes or genes that had not 
previously been associated with any disease (Supplemental 
Figure 2). This material is available free of charge via the 
internet at http://pubs.acs.org and at the web sites mentioned 
in the text. 
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